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A review of var ious  a spec t s  of t h e  Ear th  Resources Program was h e l d  
a t  t h e  Manned Spacecraf t  Center ,  Houston, Texas, January 17 t o  21, 1972. 
P a r t i c u l a r  emphasis was p laced  on t h e  r e s u l t s  of a n a l y s i s  of d a t a  obta ined  
wi th  t h e  Manned Spacecraf t  Center and o the r  a i r c r a f t  which have con t r ibu ted  
d a t a  t o  t h e  program. 
The review was d iv ided  i n t o  t h e  d i s c i p l i n a r y  a reas  of Geology, Ge- 
ography, Hydrology, Agr i cu l tu re ,  Fo res t ry ,  and Oceanography. Program 
i n v e s t i g a t o r s  presented  t h e  r e s u l t s  of t h e i r  work i n  each of t h e s e  a r eas .  
The m a t e r i a l  p resented  i s  publ i shed  i n  f i v e  volumes: 
VOLUME I1 - UNIVERSITY PROGRAMS 
VOLUME I V  - NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION PROGRAMS AND 
U.S. NAVAL RESEARCH LABORATORY PROGRAMS ' ~ 7 2 -  2 4 3 7 d  
VOLUME V - AGRICULTURE AND FORESTRY PROGRAMS ,t/ 7 3 ,  2 TL/ 0 7 
The review provided a  cu r r en t  assessment of t h e  program f o r  bo th  
management and t e c h n i c a l  personnel .  Note t h a t  t h e  m a t e r i a l  p resented  
r ep re sen t s  t h e  cu r r en t  s t a t u s  of ongoing programs and complete t e c h n i c a l  
m a i y s e s  w i l l  b e  a v a i l a b l e  a t  a l a t e r  da t e .  
Where papers  were not  submit ted f o r  p u b l i c a t i o n  o r  were not  rece ived  
i n  t ime f o r  p r i n t i n g ,  a b s t r a c t s  a r e  used. 
FRONT COVER 
The map on the front cover depicts the NASA Earth Resources 
aircraft coverage of the United States through June 1971. 
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A SUWRY OF MICHIGAN PROGW FOR 
EARTH RESOURCES INFORMATION SYSTEMS 
Jon  D. E r ickson  
Willow Run L a b o r a t o r i e s  
The U n i v e r s i t y  of Michigan 
Ann Arbor,  Michigan 
INTRODUCTION 
T h i s  paper  i s  a  summary of and g u i d e  t o  t h e  NASA-sponsored program 
c a r r i e d  o u t  i n  1971  a t  The U n i v e r s i t y  of Michiganl.s  Willow Run L a b o r a t o r i e s  
i n  e a r t h  r e s o u r c e s  i n f o r m a t i o n  systems which employ m u l t i s p e c t r a l  remote 
s e n s i n g .  The o b j e c t i v e s  of t h i s  program a r e  t o  improve a u t o m a t i c  t e c h n i q u e s  
f o r  e x t r a c t i n g  i n f o r m a t i o n  f r o m ' m u l t i s p e c t r a l  s c a n n e r  d a t a  abou t  t h e  amount, 
l o c a t i o n ,  and c o n d i t i o n  of remotely  sensed  o b j e c t s  o f  u s e r  i n t e r e s t  and t o  
reduce  t h e  c o s t s  o f  a c h i e v i n g  such i n f o r m a t i o n  on an  o p e r a t i o n a l  ( o r  r e s e a r c h )  
b a s i s  from a i r c r a f t  and s a t e l l i t e s  such a s  ERTS o r  SKYLAB - i n  s h o r , t ,  t o  
a c h i e v e  a  p r a c t i c a l  t o o l  f o r  p l a n n e r s  and d e c i s i o n  makers.  
The program h a s  f o u r  major  a r e a s  of a c t i v i t y  a s  shown i n  t h e  t a b l e  
below: 
1. Improved Throughput P a r a l l e l  Processi .ng Systems 
2 .  Improved P r o c e s s - n g  Techniques  
3.  Show P r a c t i c a l  Use i n  User A p p l i c a t i o n s  < 
4. Improved Sensors  
The f i r s t  a r e a  i s  a program t o  a c h i e v e  s u b s t a n t i a l l y  improved th roughput  
from s p e c i a l  purpose ,  p a r a l l e l  p r o c e s s i n g  systems f o r  m u l t i s p e c t r a l  d a t a .  
The second a r e a  c o n s i s t s  of a series o f  i n v e s t i g a t i o n s  d i r e c t e d  a t  
improving t h e  machine p r o c e s s i n g  t e c h n i q u e s  and o u r  unders tand ing  of them. 
The t h i r d  a r e a  i s  a s e r i e s  o f  programs w i t h  v a r i o u s  i n v e s t i g a t o r s  from 
u s e r  a g e n c i e s  t o  e x p l o i t  t h e  t e c h n i q u e s  developed t o  d a t e  i n  demons t ra t ion  
a p p l i c a t i o n s  of p r a c t i c a l  i n t e r e s t  t o  u s e r s ,  which a l s o  g e n e r a l l y  ex tend  
t h e  u s e f u l n e s s  of t h e s e  t e c h n i q u e s .  F i n a l l y ,  t h e  f o u r t h  a r e a  is improving 
e x p e r i m e n t a l  s e n s o r s  f o r  e a r t h  r e s o u r c e s  a p p l i c a t i o n s ,  b o t h  m u l t i s p e c t r a l  
s c a n n e r s  i n  t h e  0 .4  - 1 4  pm r e g i o n  and m u l t i s p e c t r a l  imaging r a d a r  w i t h  
X- and L- bands.  
I n  t h i s  paper  I w i l l  summarize t h e  s t a t u s  of t h e s e  f o u r  a r e a s  of 
r e s e a r c h ,  t h e  a c t i v i t i e s  of t h e  p a s t  y e a r  i n  t h e  a r e a  of improved through- 
pu t  p r o c e s s i n g  systems,  and c i t e  one r e s u l t  from t h e  p r o c e s s i n g  t e c h n i q u e s  
improvement a r e a .  Four of t h e  papers  f o l l o w i n g  t h i s  one by a u t h o r s  from 
t h e  Willow Run L a b o r a t o r i e s  (WRL) w i l l  p r e s e n t  r e s u l t s  from t h i s  informa- 
t i o n  e x t r a c t i o n  t e c h n i q u e  development a r e a .  A s  shown i n  Tab le  I t h e s e  a r e  
t h e  papers  b y  W.  M a l i l a ,  G .  S u i t s ,  R.  Nalepka, and R.  Vincent .  R e s u l t s  
from t h e  u s e r  a p p l i c a t i o n s  of d a t a  p r o c e s s i n g  w i l l  be p r e s e n t e d  i n  t h e  
paper  by F. Thomson. Improved exper imenta l  s e n s o r s  a r e  d i s c u s s e d  i n  t h e  
papers  by P. H a s e l l  and L. P o r c e l l o .  
Eleven r e p o r t s  [Ref.  1 - 111 w i l l  b e  i s s u e d  on t h e  work o f  t h i s  p a s t  
y e a r ,  i n  a d d i t i o n  t o  j o u r n a l  a r t i c l e s  and p a p e r s .  During t h e  c o u r s e  of 
t h e  paper ,  I s h a l l  r e f e r  t o  t h e s e  r e p o r t s  s o  t h a t  t h o s e  i n t e r e s t e d  i n  
d e t a i l s  w i l l  have t h e  r e f e r e n c e s .  
IMPROVED THROUGHPUT PARALLEL PROCESSING SYSTEMS 
The assessment  of c u r r e n t  m u l t i s p e c t r a l  p r o c e s s i n g  systems t o  meet 
t h e  needs  of keep ing  pace  w i t h  m u l t i s p e c t r a l  d a t a  a c q u i s i t i o n  which o c c u r s  
t y p i c a l l y  a t  r a t e s  of hundreds of k i l o H e r t z  o r  megaHertz i s  given i n  t h e  
t a b l e  below: 
1. Sensor  c a p a b i l i t y  exceeds  p r o c e s s i n g  c a p a b i l i t y  by l a r g e  
f a c t o r s  
2. D i g i t a l  and ana log  implementat ions  o f  p r e s e n t  t e c h n i q u e s  
w i l l  n o t  keep pace w i t h  needs  of many o p e r a t i o n a l - p r o t o t y p e  
i n f o r m a t i o n  systems 
3.  M u l t i p l e  computer approach may b e  t o o  c o s t l y  
4. Hybrid implementat ion o f  s p e c i a l  purpose  p a r a l l e l  pro- 
c e s s i n g  w i t h  improved t e c h n i q u e s  a p p e a r s  promising from 
b o t h  th roughput  and c o s t  a s p e c t s  b u t  r e q u i r e s  development 
P r e s e n t l y  a v a i l a b l e  c o n v e n t i o n a l l y  o rgan ized  d i g i t a l  computers are t o o  
slow ( w i t h  c u r r e n t  a l g o r i t h m s )  by o r d e r s  of magnitude s o  t h a t  even many 
computers p e r  s e n s o r  a r e  s t i l l  inadequa te .  A p a r a l l e l  p r o c e s s i n g  ana log  
computer a t  Michigan meets  t h e  d a t a  r a t e  requ i rement ,  b u t  i s  slow t o  s e t  
up r e d u c i n g  t h e  average  throughput .  P a r a l l e l  p r o c e s s i n g  a l l - d i g i t a l  
computers may become u s e f u l  and p r a c t i c a l  f o r  image p r o c e s s i n g  i n  t h e  
f u t u r e  b u t  a r e  n o t  y e t  compet i t ive .  However, t h e  programmabi l i ty  of t h e  
d i g i t a l  computer combined w i t h  t h e  h i g h  throughput  c a l c u l a t i o n  r a t e  of 
p a r a l l e l  channe l  ana log  computers i n  a  h y b r i d  m u l t i s p e c t r a l  p r o c e s s o r ,  
which we a r e  beg inn ing  t o  b u i l d  a t  t h e  WRL w i t h  NASA s u p p o r t ,  a p p e a r s  t o  
o f f e r  a  r e a l i s t i c  way now t o  breakup t h e  p r o c e s s i n g  b o t t l e n e c k  caused by 
d a t a  c o l l e c t i o n  c a p a b i l i t y  f a r  o u t s t r i p p i n g  p r o c e s s i n g  c a p a b i l i t y  i n  terms 
of b o t h  th roughput  and c o s t .  F i g u r e  1 i n d i c a t e s  t h e  p r e s e n t  and p r o j e c t e d  
m u l t i s p e c t r a l  d a t a  c a p a b i l i t y  a s  v a r i o u s  s e n s o r s  begin  t o  o p e r a t e ,  [Ref .  121.  
These a r e  t h e  Michigan m u l t i s p e c t r a l  s c a n n e r  (M-5) and new Michigan 
s i n g l e  a p e r t u r e  s c a n n e r  (M-7), t h e  NASA 24-channel M u l t i s p e c t r a l  Data  
System, and t h e  ERTS-A m u l t i s p e c t r a l  scanner .  The maximum planned 
r a t e s  a r e  about  10-15 b i l l i o n  d a t a  e lements  p e r  week. 
Data  q u a n t i t i e s  of t h i s  r a t e  a r e  i m p r e s s i v e l y  l a r g e  b u t  t h e  c o s t  
t o  p r o c e s s  t h e  d a t a  i s  n o t  w e l l  known. Some rough i d e a  of t h e  c o s t s  of 
d a t a  p r o c e s s i n g  p e r  e lement  and p e r  s q u a r e  m i l e  a r e  shown i n  F i g u r e  2 .  
The Corn B l i g h t  Watch m u l t i s p e c t r a l  p r o c e s s i n g  c o s t s  u s i n g  ana log  and 
d i g i t a l  computers s e p a r a t e l y  were somewhere between $100 and $200 p e r  
s q u a r e  m i l e  i n d i c a t i n g  t h e  achievement of a f e a s i b i l i t y  t y p e  p r o c e s s o r  
system. The impact of t h e s e  c o s t s  can be a s s e s s e d  i f  some t y p i c a l  
a p p l i c a t i o n s  a r e  analyzed.  Some a r e  g i v e n  i n  F i g u r e  3.  The Corn B l i g h t  
m u l t i s p e c t r a l  p r o c e s s i n g  c o s t s  f o r  50 s q u a r e  miles were n o t  $42,00O/week 
b u t  about  $5,000 t o  $10,000 p e r  week a g a i n  i n d i c a t i n g  p r o g r e s s  beyond 
r e s e a r c h  p r o c e s s o r  c o s t s .  The p r a c t i c a l  impact of c o s t  r e d u c t i o n  by 
proceeding t o  p r o t o t y p e  o r  o p e r a t i o n a l  equipment is e a s y  t o  p r o j e c t  and 
w i l l  b e  q u i t e  d ramat ic .  I f e e l  t h a t  c o s t s  of a  few d o l l a r s  p e r  s q u a r e  
m i l e  f o r  p r o c e s s i n g  a r e  a c h i e v a b l e .  Using t h e  p r o j e c t e d  d a t a  c a p a c i t i e s  
and r e s e a r c h  p r o c e s s i n g  c o s t s  of $420 p e r  s q u a r e  m i l e ,  F i g u r e  4 shows t h e  
cumula t ive  c o s t  p i c t u r e  where t h e  con t inued  r ise  i n  c o s t s  i s  t h e  accumulated 
c o s t  a s  v a r i o u s  s e n s o r s  a r e  i n t r o d u c e d  and used.  The 2 b r e a k s  i n  t h e  c o s t  
curve  i n  1972 and 1973 i n d i c a t e  t h e  c o s t  l e v e l i n g  e f f e c t  of t h e  i n t r o d u c t i o n  
o f . p r o t o t y p e  p r o c e s s o r  a t  e i t h e r  of t h e s e  p o i n t s  i n  t ime.  Development o f  
a  p r o t o t y p e  p r o c e s s o r  i s  expec ted  t o  t a k e  two y e a r s ,  however. 
We have i n v e s t i g a t e d  t h e  p o s s i b l e  d e s i g n  a l t e r n a t i v e s  f o r  such a pro- 
t o t y p e  p r o c e s s o r  of t h e  h y b r i d  p a r a l l e l  p r o c e s s i n g  t y p e  and a r e  beg inn ing  
i t s  implementat ion.  F i g u r e  5  shows a  component diagram f o r  such  a system 
which i n d i c a t e s  t h e  v a r i o u s  t y p e s  of u n i t s  t h a t  a r e  invo lved .  F i g u r e  6 
i n d i c a t e s  t h e  v a r i o u s  f u n c t i o n s  t h a t  a r e  performed and some e s t i m a t e  of t h e  
t i m e  r e q u i r e d  i n  t e n s  o f  f a c t o r s  of r e a l  t i m e  meaning a c q u i s i t i o n  r a t e  
f o r  a  t y p i c a l  m u l t i s p e c t r a l  s c a n n e r .  One o f  t h e  major v a r i a b l e s  which w e  
need e x p e r i e n c e  w i t h  t o  b r i n g  under c o n t r o l  i s  t h e  man-machine i n t e r a c t i o n  
w i t h  t h i s  t y p e  of p r o c e s s o r .  Some of t h e  b e n e f i t s  d e r i v e d  from a c h i e v i n g  
such a p r o t o t y p e  p r o c e s s o r  a r e  l i s t e d  below: 
1. F a c i l i t a t e  r e s e a r c h  and development 
2. Meets t h e  needs  of p r o t o t y p e  d a t a  p r o c e s s i n g  demands 
3. Allows p r o j e c t i o n  of o p e r a t i o n a l  c o s t s  
. - 
4 .  D e f i n e s  o p e r a t i o n a l  r equ i rements  f o r  p e r s o n n e l  and equipment 
. . 5. - Reduces p r e s e n t  c o s t s  : - .  
It w i l l  f a c i l i t a t e  f u r t h e r  r e s e a r c h  and development, making it d r a m a t i c a l l y  
q u i c k e r  and less c o s t l y  t o  exper iment  wi th  d i f f e r e n t  t e c h n i q u e s  and 
a p p l i c a t i o n s .  Because t h i s  p a r a l l e l  p r o c e s s o r  meets t h e  needs  of proto-  
t y p e  d a t a  p r o c e s s i n g  demands, p r o j e c t e d  d a t a  c o l l e c t i o n  o v e r  t h e  n e a r  
f u t u r e  can be p rocessed  i n  a t i m e l y  f a s h i o n .  P r o j e c t i o n  of o p e r a t i o n a l  
r equ i rements  and c o s t s  w i l l  b e  more a c c u r a t e  and p r e s e n t  c o s t s  can b e  
reduced.  We s e e  t h e  h y b r i d  a s  an improvement, n o t  n e c e s s a r i l y  a  break-  
through o r  panacea,  b u t  a needed improvement n o n e t h e l e s s .  It may a l s o  
speed t h e  day o f  on-board p r o c e s s i n g  f o r  a i r c r a f t  and s a t e l l i t e s .  
A p a r t i c u l a r  p o i n t  of view must b e  p r e s e r v e d :  t h a t  of t h e  informa- 
t i o n  needs  o f  t h e  problem-or iented u s e r .  The f a c t  t h a t  t h e  u s e r  of such  
d a t a  is  n o t  d i r e c t l y  concerned w i t h  t h e  t e c h n i q u e s  o r  p h y s i c a l  pa ramete rs  
of s e n s i n g  and p r o c e s s i n g  b u t  is ,  r a t h e r ,  i n t e r e s t e d  i n  mapping, i d e n t i -  
f y i n g  and s t u d y i n g  s p e c i f i c  o b j e c t s  on t h e  s u r f a c e  of t h e  e a r t h  and t h e  
i n t e r r e l a t i o n s h i p s  of t h e s e  o b j e c t s ,  must b e  foremost  i n  t h e  concep t ion  - - 
and implementat ion o f  t h e s e  i n f o r m a t i o n  systems.  The u s e r  would l i k e  
t o  know, f o r  example, how many b u s h e l s  o f  wheat and corn  w i l l  be  produced 
i n  a  county o f  s o  many a c r e s ,  how many ducks w i l l  be  s u c c e s s f u l l y  r a i s e d  
i n  t h e  p r a i r i e s ,  how much w a t e r  i s  needed t o  p r e s e r v e  t h e  Everg lades  and 
where a r e  and what a r e  t h e  v a r i o u s  s o u r c e s  of p o l l u t i o n  f o r  Lake Michigan, 
Lake O n t a r i o ,  o r  Chesapeake Bay. 
Data p r o c e s s i n g ,  i t  s h o u l d  b e  n o t e d  h e r e ,  r e f e r s  t o  t h e  p rocedures ,  
a l g o r i t h m s ,  and computat ions  which a r e  a p p l i e d  t o  t h e  raw s e n s o r  o u t p u t  
d a t a  t o  t r a n s f o r m  i t  i n t o  u s e f u l  i n f o r m a t i o n  t o  t h e  u s e r .  D a t a . p r o c e s s i n g  
i n c l u d e s  t h e  combinat ion of ( 1 )  d a t a  f o r m a t t i n g ,  f iandl ing,  e d i t i n g ,  
d i g i t i z i n g ,  o r  f i l m  p r i n t i n g  w i t h  ( 2 )  d a t a  r e d u c t i o n  and a n a l y s i e  c o n s i s t i n g  
of image enhancement, s p e c t r a l  a n a l y s i s ,  s i g n a t u r e  c o r r e l a t i o n s ,  and recog- 
n i t i o n  computat ions .  Care i n  unders tand ing  t h e  scope  o f  d a t a  p r o c e s s i n g  is  
r e q u i r e d  because  t h e  term can mean on ly  (1)  above, t h e r e b y  l e a v i n g  o u t  
d a t a  r e d u c t i o n ,  a n a l y s i s  and r e c o g n i t i o n  ( o r  c l a s s i f i c a t i o n )  which a r e  
c r i t i c a l  t o  t h e  u s e r  a s  i n f o r m a t i o n  e x t r a c t i o n  p r o c e s s e s .  
IMPROVED INFORMATION EXTRACTION TECHNIQUES 
I would l i k e  t o  proceed now t o  summarize my assessment  o f  t h e  s t a t u s  
of t h e  2nd a r e a  of a c t i v i t y  i n  o u r  program, namely p r o c e s s i n g  t e c h n i q u e s  
o r  i n f o r m a t i o n  e x t r a c t i o n  t e c h n i q u e s .  The t a b l e  below i n d i c a t e s  t h e  
judgement t h a t  a  v a r i e t y  of u s e f u l  t e c h n i q u e s  have been demonstra ted t o  
be  f e a s i b l e  i n  v a r i o u s  a p p l i c a t i o n s  under l i m i t e d  c o n d i t i o n s  a p p r o p r i a t e  
t o  showing f e a s i b i l i t y  b u t  n o t  g e n e r a l l y  a p p r o p r i a t e  t o  p r o t o t y p e  o r  p i l o t  
o p e r a t i o n a l  c o n d i t i o n s .  
1. Var ie ty  of techniques a r e  f e a s i b l e  i n  many app l i ca t ions  
under l i m i t e d  condi t ions  
a .  Constrained d a t a  c o l l e c t i o n  t o  minimize 
e f f e c t s  of r e s o l u t i o n ,  atmosphere, and 
changing i l l umina t ion  
b. L i t t l e  o r  no t i m e  c o n s t r a i n t  f o r  processing 
c;  Maximum ground observa t ion  
2. These l i m i t a t i o n s  a r e  being lessened  t o  t h e  po in t  where 
opera t iona l -pro to type  information systems a r e  f e a s i b l e  
i n  some a p p l i c a t i o n s  
This t r a n s f e r r a l  of p re sen t  techniques t o  pro to type  environments i s  
needed and r equ i r e s  e f f o - r t  t o  so lve  problems which a r i s e  t h a t  a r e  no t  
otherwise ev ident .  The Corn B l igh t  Watch pressured condi t ions  ( l b )  and 
( l c )  i n  t h e  t a b l e  above by imposing a  time c o n s t r a i n t  of l e s s  than  one 
day per  10 square  mi le  segment processed and repor ted  and reducing t h e  
amount of ground d a t a  c o l l e c t e d .  A i r c r a f t  da t a  c o l l e c t i o n  c o s t s  can be  
reduced by r e l ax ing  t h e  c o n s t r a i n t s  on sun angles  and cloud cover percentage 
p re sen t ly  imposed by processing techniques l i m i t a t i o n s .  
Fur ther  technique development i s  c l e a r l y  requi red .  The t h r u s t  of 
our  a c t i v i t i e s  i n  t h i s  a r e a  has  been t h e  development of techniques t h a t  
allow t h e  reduct ion  of r equ i r ed  ground observa t ions  and t h a t  extend 
s p e c t r a l  s i g n a t u r e s  i n  space and time away from t h e s e  known a reas .  The 
fundamental b a r r i e r  t o  s i g n a t u r e  ex tens ion  t o  l a r g e  a reas  has  been 
v a r i a t i o n s  i n  t h e  environment. These v a r i a t i o n s  a r e  manifested,  both 
s p a t i a l l y  and temporal ly ,  a s  changes i n  atmospheric t ransmiss ion ,  illurnina- 
t i o n  of the  scene, b i d i r e c t i o n a l  p r o p e r t i e s  of t h e  m a t e r i a l s ,  and atmosph- 
e r i c  path rad iance  o r  b a c k s c a t t e r .  The t a b l e  below o u t l i n e s  s e v e r a l  a r eas  
where we a r e  working a t  improving process ing  techniques: 
1. Extending t h e  App l i cab i l i t y  of Training Se ts  
2. Spec t r a l  S igna tures  and ERSIS 
3 .  Modeling and Simulat ion 
4. Rat io  Processing 
5. Parameter Mapping 
6.  Propor t ions  of Classes  
7. Adaptive Techniques 
8 Mensuration and Mapping 
Extending t h e  a p p l i c a b i l i t y  o f  t r a i n i n g  s e t s  away from known a r e a s  
h a s  been s t u d i e d  p r e v i o u s l y  a t  W R L  u s i n g  3 approaches:  (1) t h e  use  of 
p r e p r o c e s s i n g  t r a n s f o r m a t i o n s  on t h e  remote ly  c o l l e c t e d  m u l t i s p e c t r a l  d a t a  
aimed a t  r educ ing  s y s t e m a t i c  v a r i a t i o n s ;  t h e  i n t e n t  of t h e s e  t ransforma-  
t i o n s  i s  t o  make t h e  d a t a  i n v a r i a n t  d e s p i t e  v a r i a t i o n s  i n  t r a n s m i s s i o n ,  
i l l u m i n a t i o n ,  and p a t h  r a d i a n c e ,  ( 2 )  t h e  u s e  of a n c i l l a r y  s e n s o r s  i n  t h e  
d a t a  c o l l e c t i o n  p l a t f o r m  such a s  t h e  s u n  s e n s o r  t o  measure i l l u m i n a t i o n ,  
t r a n s m i s s i o n ,  o r  p a t h  r a d i a n c e  v a r i a t i o n s ,  and ( 3 )  t h e  use  of in-scene 
r e f e r e n c e s  which p r o v i d e  a  c a l i b r a t i o n  i n  t h e  s c e n e  t h a t  pe rmi t  c o r r e c -  
t i o n s  t o  t h e  d a t a  a r e  a l l  u s e f u l  i n  s i g n a t u r e  e x t e n s i o n  and reduc ing  t h e  
amount of ground o b s e r v a t i o n  r e q u i r e d .  Th is  y e a r  we have extended t h e s e  
s t u d i e s  t o  m o d i f i c a t i o n  of t h e  d e c i s i o n  paramete rs ,  d e c i s i o n  r u l e s ,  and 
a d a p t i v e  c l a s s i f i e r s .  
We have con t inued  o u r  e f f o r t s  t o  unders tand  t h e  b a s i c  s p e c t r a l  
c h a r a c t e r i s t i c s  o f  v a r i o u s  m a t e r i a l s  s o  t h a t  s p e c t r a l  s i g n a t u r e s  can b e  
b e t t e r  unders tood  and have added d a t a  t o  t h e  E a r t h  Resources  S p e c t r a l  
In format ion  System (ERSIS) i n s t a l l e d  on t h e  Univac 1108 a t  t h e  MSC which 
w i l l  a i d  o t h e r  i n v e s t i g a t o r s  i n  unders tand ing  t h e  s p e c t r a l  r e f l e c t a n c e ,  
emiss ion ' ,  o r  t r a n s m i s s i o n  of n a t u r a l  m a t e r i a l s ,  i n  de te rmin ing  t h e  s p e c t r a l  
channe l s  l i k e l y  t o  b e  of i n t e r e s t  i n  t h e i r  a p p l i c a t i o n ,  o r  i n  d e v i s i n g  
an a p p r o p r i a t e  p r o c e s s i n g  t echn ique .  D r .  David P i t t s  of t h e  E a r t h  
Observa t ions  D i v i s i o n  a t  t h e  NASA/MSC h a s  r e s p o n s i b i l i t y  f o r  u s e r  r e q u e s t s  
f o r  l a b o r a t o r y  o r  f i e l d  s p e c t r a l  d a t a  i n  ERSIS. 
ERSIS a l s o  p r o v i d e s  b a s i c  d a t a  a s  i n p u t  t o  models and s i m u l a t i o n s  o f  
v a r i o u s  problems i n  remote s e n s i n g  a p p l i c a t i o n s .  D r .  S u i t s '  model f o r  
p r e d i c t i n g  t h e  d i r e c t i o n a l  r e f l e c t a n c e  from v e g e t a t i v e  canopies  g i v e n  i n  
a f o l l o w i n g  paper  i s  an example o f  t h e  u s e  o f  s p e c t r a l  r e f l e c t a n c e  d a t a  
a s  an i n p u t  t o  d e r i v e  i m p o r t a n t  i n s i g h t .  Our e f f o r t s  i n  each of t h e  
o t h e r  a r e a s  l i s t e d  i n  t h e  t a b l e  above and t h e  s i g n i f i c a n t  p r o g r e s s  made 
w i l l  b e  d i s c u s s e d  i n  papers  fo l lowing ,  e x c e p t  f o r  t h e  a d a p t i v e  t e c h n i q u e s  
a r e a  which I w i l l  t u r n  t o  now. 
ADAPTIVE MTJLTISPECTRAL PROCESSING 
I would l i k e  t o  p r e s e n t  one p r e l i m i n a r y  r e s u l t  of some i n t e r e s t  from 
t h e  work on a d a p t i v e  c l a s s i f i e r  t e c h n i q u e s  by Bob M a r s h a l l ,  Frank K r i e g l e r ,  
and Wyman Richardson of o u r  s t a f f ,  [Ref.  131. F i g u r e  7 shows a  comparison 
between two d i f f e r e n t  c l a s s i f i e r s  r e c o g n i z i n g  wheat (shown a s  t h e  d a r k e s t  
t o n e s )  i n  a  4 o r  5 m i l e  l o n g  a g r i c u l t u r a l  scene .  The map on t h e  l e f t  
h a l f  shows t h e  r e s u l t  o f  u s i n g  a  s i n g l e  d i s t r i b u t i o n  ( t h a t  from f i e l d  A) 
i n  a  maximum l i k e l i h o o d  c l a s s i f i e r  t o  r e c o g n i z e  wheat and shows a g r a d u a l  
d e t e r i o r a t i o n  i n  r e c o g n i t i o n  o v e r  t h e  run  from bottom (South)  t o  t o p  
(North) .  The reason  f o r  t h i s  d e t e r i o r a t i o n  w a s  determined t o  be  a  change 
i n  i l l u m i n a t i o n  due t o  changeable  a tmospher ic  c o n d i t i o n s .  A s imple  
a l g o r i t h m  t o  adap t  t h e  means of t h e  d i s t r i b u t i o n  i n  an e x p o n e n t i a l l y  
weighted f a s h i o n  when p o i n t s  a r e  recognized  a s  wheat was added t o  t h e  
maximum l i k e l i h o o d  c l a s s i f i e r .  The r e s u l t s  of t h i s  a d a p t i v e  m u l t i s p e c t r a l  
p r o c e s s i n g  a r e  shown on t h e  map on . t h e  r i g h t  h a l f .  The improvement i n  
r e c o g n i t i o n  accuracy u s i n g  t h i s  a d a p t i v e  c l a s s i f i e r  i s  a p p a r e n t .  
' Some i n c r e a s e  i n ' f a l s e  c l a s s i f i c a t i o n  o c c u r s  i n  two o a t  f i e l d s  j u s t  
below t h e  two s m a l l  wheat f i e l d s  i n  t h e  l e f t  c e n t e r  of t h e  run .  S ince  
o n l y  t h e  means of wheat were b e i n g  adap ted  r a t h e r  t h a n  a l l  d i s t r i b u t i o n s  
some c a p t u r e  o f  t h e  p r o c e s s  by o t h e r  d i s t r i b u t i o n s  was expec ted  and e x i s t s .  
A s imple  exper iment  was a l s o  conducted t o  de te rmine  t h e  a b i l i t y  of 
t h e  a l g o r i t h m  t o  r e c o v e r ,  g iven  a  t r a n s i e n t  e r r o r .  The s e t  of means, 
o b t a i n e d  a t  t h e  end of t h e  r u n  i n  f i e l d  B were  used a s  a n  i n i t i a l  estimate 
f o r  f i e l d  A and a c l a s s i f i c a t i o n  run  was made which is  shown in ,  F i g u r e  8. 
No d i f f e r e n c e  e x i s t s  a f t e r  600 p o i n t s ,  t w i c e  t h e  w e i g h t i n g  c o n s t a n t  of 
300. 
While n o t  a l l  s o u r c e s  of e r r o r  i n  c l a s s i f i c a t i o n  a r e  c o r r e c t a b l e  by 
a d a p t i o n  t h o s e  remaining a f t e r  p r e p r o c e s s i n g  t r a n s f o r m a t i o n s  have reduced 
_ t h e  s y s t e m a t i c  v a r i a t i o n s  may b e  l a r g e l y  c o r r e c t e d .  It  appears  t h a t  a  
c o n s i d e r a b l e  p r o c e s s i n g  g a i n  may be  o b t a i n e d  from a d a p t i o n  o f  d i s t r i b u t i o n  
paramete rs  and w e  i n t e n d  t o  pursue  t h i s  v i g o r o u s l y .  I n  terms of a  d i g i t a l  
c l a s s i f i e r ,  t h e  speed of c l a s s i f i c a t i o n  may b e  improved a s  a d i r e c t  f u n c t i o n  
o f  t h e  number of d i s t r i b u t i o n s  e l i m i n a t e d  from t h e  c l a s s i f i e r  i n  exchange 
f o r  a s imple  mean a d a p t i n g  computat ion.  For ana log  and h y b r i d  p r o c e s s o r s ,  
t h e  complexi ty  and s i z e  o f  t h e  machine may b e  reduced.  
It i s  p o s s i b l e  t o  r e l a t e  t h e  r e s u l t s  o b t a i n e d  i n  modeling t h e  s c e n e  
and t h e  r a d i a t i v e  t r a n s f e r  i n  t h e  atmosphere t o  t h e  a d a p t i v e  r e c o g n i t i o n  
p r o c e s s .  Th i s  makes i t  p o s s i b l e  t o  u s e  models t o  d e s c r i b e  t h e  g e n e r a l  
t r e n d s  f o r  t h e  t r a j e c t o r i e s  of d i s t r i b u t i o n s  and t o  make c o r r e c t i o n s  a s  
f u n c t i o n s  of t h e  agreement between observed changes and t h e  p r e d i c t e d  
t r a j e c t o r i e s .  
PRACTICAL USE OF EXISTING TECHNIQUES I N  USER APPLICATIONS 
I now want t o  a s s e s s  t h e  s t a t u s  of t h e  3rd  a r e a  of our  program, u s e r  
a p p l i c a t i o n s .  It i s  t h e  b e n e f i t s  i n  u s e r  a p p l i c a t i o n s  which i s  t h e  
r a i s o n  -- de e t r e  o f  t h e  e n t i r e  E a r t h  Resources  Survey Program. A s  shown i n  
t h e  t a b l e  below t h e  p o t e n t i a l  of m u l t i s p e c t r a l  s e n s i n g  and a u t o m a t i c  
p r o c e s s i n g  h a s  been demonstra ted.  
1. Many a p p l i c a t i o n s  i n  a  v a r i e t y  of u s e r  d i s c i p l i n e s  have been 
demonstra ted t o  b e  f e a s i b l e  under l i m i t e d  c o n d i t i o n s .  
2. O p e r a t i o n a l - p r o t o t y p e s  may b e  f e a s i b l e  i n  some a p p l i c a t i o n s  
from b o t h  t e c h n i c a l  and c o s t  a s p e c t s  
3 .  No o p e r a t i o n a l  u s e  i s  y e t  being-made of i n f o r m a t i o n  
A l a r g e  number of u s e r  a p p l i c a t i o n s  o f  M u l t i s p e c t r a l  E a r t h  Resources 
In format ion  Systems have been demonstra ted t o  be  f e a s i b l e  i n  s c a l e d  down 
programs and we a r e  ready t o  examine ERTS d a t a  w i t h  c o n f i d e n c e  o f  what h a s  
been accomplished from a i r c r a f t .  Some a p p l i c a t i o n s  a r e  f u r t h e r  advanced 
than o t h e r s  and o p e r a t i o n a l  p r o t o t y p e s  shou ld  be  e x e r c i s e d  n e x t  f o r  some 
of t h e s e .  However, no o p e r a t i o n a l  use  i s  y e t  be ing  made of any i n f o r m a t i o n  
system on E a r t h  Resources  employing m u l t i s p e c t r a l  s e n s i n g ,  I b e l i e v e  
l a r g e l y  because  t h e y  must become c o s t  e f f e c t i v e  f i r s t .  
IMPROVED SENSORS FOR EARTH RESOURCES APPLICATIONS 
The s t a t u s  of m u l t i s p e c t r a l  s e n s o r s  technology is  a s s e s s e d  i n  t h e  
t a b l e  below: 
1. Improved exper imenta l  a i r b o r n e  MS s c a n n e r s  a r e  now i n  use  
and t h e  q u a l i t y  of d a t a  i n  t h e  UV, v i s i b l e ,  n e a r  I R ,  .and 
the rmal  I R  is  g e n e r a l l y  e x c e l l e n t  
2 .  O p e r a t i o n a l  a i r b o r n e  14s s c a n n e r s  a r e  commercially a v a i l a b l e  
3.  Spaceborne MS s c a n n e r s  w i l l  be u t i l i z e d  f o r  t h e  f i r s t  t ime 
i n  ERTS and SKYLAB 
4. Exper imental  a i r b o r n e  m u l t i s p e c t r a l  imaging r a d a r  i s  b e i n g  
developed 
5. Exper imental  l a s e r  s c a n n e r s  a r e  planned 
The comments h e r e  b a s i c a l l y  i n d i c a t e  t h e  mature  and advanced s t a t e  o f  t h i s  
a r e a ,  However, d e s p i t e  t h e  a t t e m p t s  t h a t  have been made t o  d a t e  a t  sys tems 
e n g i n e e r i n g  o f  complete i n f o r m a t i o n  systems i n c l u d i n g  u s e r  needs ,  s e n s o r s ,  
and p r o c e s s o r s  a  more complete sys tems approach w i l l  b e  needed f o r  m u l t i -  
s p e c t r a l  s e n s i n g  based i n f o r m a t i o n  i n  t h e  f u t u r e .  
CONCLUSIONS 
D e s p i t e  making s u b s t a n t i a l  p r o g r e s s  i n  a c h i e v i n g  improved p r o c e s s i n g  
t echn iques ,  improved throughput  p a r a l l e l  p r o c e s s i n g  systems,  improved 
e x p e r i m e n t a l  s e n s o r s  f o r  m u l t i s p e c t r a l  s e n s i n g ,  and showing t h e  p r a c t i c a l  
u s e  of m u l t i s p e c t r a l  s e n s i n g  i n  v a r i o u s  e a r t h  r e s o u r c e s  a p p l i c a t i o n s ,  t h e r e  
i s  s t i l l  much t o  be accomplished b e f o r e  t h e  E a r t h  Resources Survey Program 
s p i n s  o f f  s u c c e s s f u l ,  o p e r a t i o n a l  u s e r  i n f o r m a t i o n  systems.  P o t e n t i a l  
b e n e f i t s  o f  i n f o r m a t i o n  w i l l  remain l a r g e l y  " p o t e n t i a l "  u n t i l  t h i s  i s  done. 
The most c r i t i c a l  need i s  f o r  p r o c e s s i n g  systems capab le  o f  keep ing  
pace w i t h  t h e  s e n s o r s  s o  t h a t  unprocessed d a t a  does  n o t  have t o  be  
accumulated and s t o r e d .  G r e a t l y  reduced c o s t s  of p r o c e s s i n g  a r e  a l s o  
l i k e l y  t o  r e s u l t  w i t h  an a t t e n d a n t  i n c r e a s e  i n  i n t e r e s t  on t h e  p a r t  o f  
p o t e n t i a l  u s e r s .  
But g r e a t l y  reduced dependency on ground o b s e r v a t i o n s  i s  a l s o  needed. 
t o  reduce  b o t h  t h e  c o s t s  of c o l l e c t i o n  and p r o c e s s i n g .  For t h i s  r eason  
con t inued  r e s e a r c h  i n  p u r s u i t  o f  improved p r o c e s s i n g  t e c h n i q u e s  which a l l o w  
l e s s  ground d a t a  and m u l t i - s t a g e  sampl ing approaches  a r e  r e q u i r e d .  Our 
s i g n a t u r e  e x t e n s i o n  and o t h e r  i n f o r m a t i o n  e x t r a c t i o n  t e c h n i q u e  development 
i s  aimed a t  t h i s  g o a l .  
S p e c t r a l  r e f l e c t a n c e ,  e m i t t a n c e ,  and t r a n s m i t t a n c e  d a t a  on a g r e a t  
v a r i e t y  of n a t u r a l  m a t e r i a l s  are a v a i l a b l e  t o  t h e  remote s e n s i n g  community 
through ERSIS. T h i s  d a t a  can b e  used t o  d e f i n e  t h e  approach t o  many 
remote s e n s i n g  problems by u n d e r s t a n d i n g  t h e  s p e c t r a l  b a s i s  o f  d i s c r i m i n a -  
t i o n .  
We a r e  ready t o  examine ERTS and Skylab EFEP d a t a  w i t h  conf idence  of 
what can be  done from a i r c r a f t .  
- 
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INTRODUCTION 
T h i s  paper  summarizes some of t h e  work d u r i n g  1971  a t  t h e  Willow Run 
L a b o r a t o r i e s  t h a t  h a s  been d i r e c t e d  toward f o u r  i n f o r m a t i o n  e x t r a c t i o n  
problems: (1) s i g n a t u r e  e x t e n s i o n  f o r  improved r e c o g n i t i o n  p r o c e s s i n g  
over  l a r g e  a r e a s ,  (2)  t h e  c h o i c e  of d e n s i t y  f u n c t i o n s  f o r  r e c o g n i t i o n  
d e c i s i o n  r u l e s ,  (3)  channe l  s e l e c t i o n  f o r  c o s t  r e d u c t i o n ,  and (4) r a d i a -  
t i o n  b a l a n c e  mapping f o r  i n t e r p r e t a t i o n  of wide-spectrum s c a n n e r  d a t a .  
The d e t a i l s  of t h e s e  s t u d i e s  are r e p o r t e d  i n  Refe rences  1 and 2 .  
S i g n a t u r e  e x t e n s i o n  a n d - c o s t  r e d u c t i o n  a r e  problems t h a t  must b e  
s o l v e d  i f  t h e  promise  of l a r g e - a r e a  s u r v e y s  of E a r t h  r e s o u r c e s  and man's 
impact  on h i s  environment a r e  t o  b e  r e a l i z e d .  The t e c h n i q u e s  p r e s e n t l y  
i n  u s e  a r e  l i m i t e d  i n  t h e i r  a b i l i t y  t o  p r o v i d e  r e c o g n i t i o n  and o t h e r  i n f o r -  
mat ion e x t r a c t i o n  w i t h  s u f f i c i e n t  a c c u r a c y ,  t i m e l i n e s s ,  and c o s t  e f f e c t i v e -  
n e s s  t o  make o p e r a t i o n a l  u s e s  a  p r a c t i c a l  r e a l i t y .  These t e c h n i q u e s  shou ld  
b e  improved and r e f i n e d  f o r  u s e  on d a t a  from b o t h  a i r c r a f t  and s p a c e c r a f t .  
A two-pronged approach i s  be ing  fo l lowed  i n  t h e  development of t ech-  
n i q u e s  t o  overcome t h e  d e g r a d a t i o n  of r e c o g n i t i o n  accuracy  t h a t  o c c u r s  
because  s y s t e m a t i c  v a r i a t i o n s  i n  s c a n n e r ' d a t a  cause  t h e  s i g n a t u r e s  o b t a i n e d  
from t r a i n i n g  a r e a s  t o  b e  d i f f e r e n t  from d a t a  c o l l e c t e d  f a r t h e r  i n  t ime  
and /or  s p a c e  from t h e  t r a i n i n g  a r e a s .  The f i r s t  i s  a  t h e o r e t i c a l  approach 
t o  examine t h e  s o u r c e s  of v a r i a t i o n  i n  scanner  d a t a  and g a i n  i n s i g h t  f o r  
improved t echn iques  by t h e  s i m u l a t i o n  of scanner  r a d i a n c e  s i g n a l s .  The 
second i s  a  more e m p i r i c a l  approach f o r  t h e  development of p r e p r o c e s s i n g  - 
t e c h n i q u e s  t o  remove s y s t e m a t i c  e f f e c t s  from scanner  d a t a  s o  t h a t  l a r g e  
a r e a s  can  be surveyed a c c u r a t e l y  w i t h  a  minimum of g round- t ru th  i n f o r m a t i o n .  
P r e p r o c e s s i n g  h a s  been under  development a t  Michigan a s  one method f o r  
removing s y s t e m a t i c  e f f e c t s  from scanner  d a t a  b e f o r e  r e c o g n i t i o n  p r o c e s s i n g  
( F i g .  1 ) .  During l a s t  y e a r ' s  meet ing,  M r .  L e g a u l t  d i s c u s s e d  some of t h e  
methods t h a t  we have e x p l o r e d  [ 3 ] .  These i n c l u d e  t h e  t r a n s f o r m a t i o n  of 
d a t a  (such a s  by r a t i o i n g  s i g n a l s ) ,  t h e  u s e  of d a t a  from a  sky s e n s o r  on 
t h e  a i r c r a f t ,  and t h e  u s e  of in - scene  r e f e r e n c e  a r e a s  t o  develop c o r r e c t i o n s  
f o r  s i g n a t u r e  e x t e n s i o n .  A t  Michigan,  p r e p r o c e s s i n g  was used d u r i n g  1971 
i n  t h e  p r o c e s s i n g  and a n a l y s i s  of Corn B l i g h t  d a t a  141 and i n  d a t a  p rocess -  
i n g  t a s k s  f o r  v a r i o u s  u s e r s  [ 5 ] .  I n  t h i s  p a p e r ,  a  g e n e r a l i z e d  p r e p r o c e s s i n g  
t e c h n i q u e  t h a t  h a s  been developed and t e s t e d  d u r i n g  1971 i s  d i s c u s s e d  [ 1 , 6 ] .  
M u l t i s p e c t r a l  r e c o g n i t i o n  d e c i s i o n  r u l e s  u s e  l i k e l i h o o d  f u n c t i o n s  of 
t h e  v a r i o u s  m a t e r i a l  c l a s s e s .  Our second a r e a  was an  i n v e s t i g a t i o n  i n t o  
t h e  s u i t a b i l i t y  of t h e  normal (Gaussian)  l i k e l i h o o d  f u n c t i o n s  f o r  t h e s e  de- 
c i s i o n  r u l e s  a s  opposed t o  e m p i r i c a l  l i k e l i h o o d  funct i 'ons .  
I n  t h e  t h i r d  problem a r e a ,  c o s t  r e d u c t i o n ,  we improved our  p rocedures  
f o r  s e l e c t i n g  a  s u b s e t  of channe l s  o r  f e a t u r e s  f o r  u s e  i n  t h e  r e c o g n i t i o n  
p r o c e s s o r .  Our d i g i t a l  channe l  s e l e c t i o n  p rocedures  u s e  a  c r i t e r i o n  t h a t  
can b e  fo rmula ted  a s  a n  a v e r a g e  p r o b a b i l i t y  of m i s c l a s s i f i c a t i o n ,  a  q u a n t i t y  
w i t h  d i r e c t  p h y s i c a l  i n t e r p r e t a t i o n .  Our most e x a c t  p rocedure  is  t ime  con- 
suming and t h i s  n e g a t e s  some of t h e  c o s t  advan tage  ga ined  by reduc ing  t h e  
number of p r o c e s s i n g  c h a n n e l s .  However, w e  have r e c e n t l y  developed a much 
f a s t e r  method by making u s e  of a  l i n e a r  approx imat ion  i n  our  c a l c u l a t i o n s .  
I n  t h e  f o u r t h  a r e a ,  we endeavor t o  u s e  t h e  f u l l  spectrum of s c a n n e r s  
f o r  i n t e r p r e t a t i o n  a s p e c t s  of m u l t i s p e c t r a l  remote s e n s i n g .  Energy budge t s  
are of i n t e r e s t  i n  many s t u d i e s  of n a t u r a l  and a g r i c u l t u r a l  a r e a s ,  and they  
a l s o  a r e  be ing  used i n c r e a s i n g l y  i n  u rban  s t u d i e s .  S i n c e  n e t  r a d i a t i o n  i s  
t h e  most i m p o r t a n t  component of a n  energy budget  and t h e  s c a n n e r  measures 
t h e  a p p a r e n t  ou tgo ing  r a d i a t i o n ,  p rocedures  f o r  producing maps of t h e  ou t -  
going r a d i a t i o n ,  and t h e  n e t  r a d i a t i o n  o r  r a d i a t i o n  b a l a n c e  were developed 
and a p p l i e d .  
EXAMINATION OF SYSTEMATIC VARIATIONS BY SIMULATION 
F i g u r e  2 l i s t s  some s o u r c e s  of v a r i a t i o n  i n  m u l t i s p e c t r a l  s c a n n e r  s i g -  
n a l s  t h a t  a r e  a s s o c i a t e d  w i t h  c o n d i t i o n s  of measurement (such a s  a tmospher ic  
haze  and t h e  p o s i t i o n  of t h e  sun)  and paramete rs  of measurement ( such  a s  
t h e  s c a n  geometry and t h e  s e n s o r  c h a r a c t e r i s t i c s ) .  Although n o t  l i s t e d ,  
t h e r e  a l s o  a r e  v a r i a t i o n s  a s s o c i a t e d  w i t h  t h e  c h a r a c t e r i s t i c s  of t h e  s u r f a c e  
m a t e r i a l s  be ing  observed ,  such  a s  inhomogene i t i e s  and b i d i r e c t i o n a l  r e f l e c -  
t a n c e  c h a r a c t e r i s t i c s .  While b o t h  s y s t e m a t i c  and random v a r i a t i o n s  a r e  
l i s t e d ,  t h e  s y s t e m a t i c  v a r i a t i o n s  are t h e  ones t h a t  most s e r i o u s l y  reduce  
t h e  r e c o g n i t i o n  accuracy  away from t h e  t r a i n i n g  a r e a s .  
L a s t  y e a r ,  a  t h e o r e t i c a l  r a d i a t i v e  t r a n s f e r  model was developed a t  
Michigan t o  s i m u l a t e  m u l t i s p e c t r a l  s c a n n e r  s i g n a l s  [ 7 ] .  T h i s  model charac-  
t e r i z e s  t h e  s p a t i a l  and s p e c t r a l  d i s t r i b u t i o n  of r a d i a t i o n  i n  E a r t h ' s  atmo- 
s p h e r e  a s  a  f u n c t i o n  of s e v e r a l  pa ramete rs  and c o n d i t i o n s  of measurement. 
During t h e  p a s t  y e a r ,  t h e  model was improved, ex tended ,  and used t o  simu- 
l a t e  scanner  r a d i a n c e  s i g n a l s  and o t h e r  r a d i o m e t r i c  q u a n t i t i e s  and t h e i r  
s y s t e m a t i c  v a r i a t i o n s  under  a  wide v a r i e t y  of c o n d i t i o n s  [ 1 , 8 ]  . 
One of t h e  major  improvements made i n  t h e  model was t h e  i n c o r p o r a t i o n  
of t i m e  a s  an independent  pa ramete r  which a l l o w s  u s  t o  s i m u l a t e  temporal  
v a r i a t i o n s  t h a t  would be  p r e s e n t  i n  a r e a  su rvey  d a t a .  Another i s  t h e  u s e  
of e x a c t  s c a t t e r i n g  phase  f u n c t i o n s  i n  our  c a l c u l a t i o n  p rocedure  which h a s  
i n c r e a s e d  t h e  accuracy  t o  t h e  p o i n t  where our  c a l c u l a t i o n s  a g r e e  w e l l  w i t h  
measurements of sky r a d i a n c e  and w i t h  t h e o r e t i c a l l y  e x a c t  c a l c u l a t i o n s  based 
on Chandrasekhar ' s  t h e o r y .  
The n e x t  n i n e  f i g u r e s  p r e s e n t  g raphs  t h a t  a r e  r e p r e s e n t a t i v e  of t h e  
mode l ' s  ouput  and i l l u s t r a t e  t h e  s o u r c e s  of s y s t e m a t i c  v a r i a t i o n  i n  scanner  
d a t a .  F i g u r e  3 shows t h e  dependence of t r a n s m i t t a n c e  on s c a n  a n g l e  f o r  
f o u r  d i f f e r e n t  v i s u a l  r a n g e s .  V=2 Ian cor responds  t o  a dense  haze  and V=23 km 
r e p r e s e n t s  a  normal c l e a r  day ( b o r d e r i n g  on a  l i g h t  h a z e ) .  The a i r b o r n e  
s c a n n e r s  g e n e r a l l y  c o l l e c t  d a t a  a t  s c a n  a n g l e s  of +45" o r  s m a l l e r ,  and i t  
i s  c l e a r  t h a t  t h e  p a t h  t r a n s m i t t a n c e  f o r  t h e s e  a n g l e s  v a r i e s  s u b s t a n t i a l l y .  
The t r a n s m i t t a n c e  and a l l  o t h e r  q u a n t i t i e s  depend on t h e  a l t i t u d e  of t h e  
o b s e r v e r ,  and t h e  d a t a  i n  t h i s  f i g u r e  a r e  f o r  a n  a l t i t u d e  of 3 km. While 
a l l  of t h e  d a t a  p r e s e n t e d  h e r e i n  a r e  foq  a i r c r a f t  a l t i t u d e s ,  t h e  model a l s o  
can be  used t o  s i m u l a t e  d a t a  c o l l e c t e d  from s p a c e c r a f t .  
I r r a d i a n c e  is  a n o t h e r  q u a n t i t y  of i n t e r e s t .  F i g u r e  4 shows t h e  spec t rum 
of t h e  i r r a d i a n c e  t h a t  would b e  d e t e c t e d  by a  sky  s e n s o r  on an  a i r c r a f t  f l y -  
i n g  a t  a n  a l t i t u d e  of 1 km. Note t h e  i n c r e a s e  i n  l e v e l s  f o r  t h e  hazy condi-  
t i o n ,  t h a t  i s ,  f o r  s h o r t  v i s u a l  r a n g e s .  I n f o r m a t i o n  of t h i s  s o r t  i s  of 
v a l u e  i n  u s i n g  t h e  sky s e n s o r  s i g n a l s  f o r  s i g n a t u r e  e x t e n s i o n .  
Next c o n s i d e r  t h e  downlooking s c a n n e r .  Not a l l  t h e  r a d i a t i o n  t h a t  
r e a c h e s  t h e  s c a n n e r  o r i g i n a t e s  a t  t h e  s u r f a c e  e lement  b e i n g  viewed. There  
i s  a q u a n t i t y  c a l l e d  p a t h  r a d i a n c e ,  which i s  e x t r a n e o u s  r a d i a t i o n  t h a t  i s  
s c a t t e r e d  i n t o  t h e  f i e l d  of v iew by t h e  atmosphere.  
F i g u r e  5 shows t h a t  p a t h  r a d i a n c e  depends s t r o n g l y  on v i s u a l  r a n g e  and 
wavelength .  The wavelength  dependence i s  much d i f f e r e n t  t h a n  t h a t  f o r  t h e  
i r r a d i a n c e  shown i n  F i g u r e  4 .  The r e a s o n  f o r  t h i s  d i f f e r e n c e  is  t h a t  p a t h  
r a d i a n c e  depends on t h e  r e f l e c t a n c e  spectrum of t h e  m a t e r i a l  be ing  viewed. 
I n  t h i s  i n s t a n c e ,  t h e  spectrum i s  t h a t  of g r e e n  v e g e t a t i o n .  
P a t h  r a d i a n c e  a l s o  depends on t h e  n a d i r  s c a n  a n g l e  and t h e  l o c a t i o n  of 
t h e  sun .  F i g u r e  6 shows t h e  scan-angle  dependence of p a t h  r a d i a n c e  f o r  
t h r e e  d i f f e r e n t  s u n  p o s i t i o n s  on a  v e r y  hazy day.  The s c a n  p l a n e  i n c l u d e s  
t h e  s u n ,  and one  r e a d i l y  can s e e  t h e  c h a r a c t e r i s t i c  peak i n  b a c k s c a t t e r e d  
r a d i a n c e  a t  t h e  a n t i s o l a r  a n g l e .  When t h e  s c a n  p l a n e  does  n o t  i n c l u d e  t h e  
s u n ,  t h e  p a t h  r a d i a n c e  i s  a much more symmetric f u n c t i o n  of s c a n  a n g l e .  
F i g u r e  7 shows how p a t h  r a d i a n c e  would v a r y  th roughout  one day i f  t h e  a i r -  
c r a f t  were  f l y i n g  E a s t  o r  West a t  an  a l t i t u d e  of 1 km on a  medium hazy day.  
The s c a n  is  i n  t h e  North-South p l a n e .  Note t h e  i n c r e a s e  and d e c r e a s e  of t h e  
r a d i a n c e  a t  any g i v e n  s c a n  a n g l e  a s  t h e  t ime  changes throughout  t h e  day .  
Also n o t e  t h e  i n c r e a s e  i n  p a t h  r a d i a n c e  a t  noon when t h e  sun  moves i n t o  t h e  
s c a n  p l a n e .  T h i s  t y p e  of i n f o r m a t i o n  i s  u s e f u l  f o r  p l a n n i n g  f l i g h t  l i n e s .  
A scanner  measures  t h e  t o t a l  r a d i a n c e  from t h e  view d i r e c t i o n ;  t h u s ,  
t h e  a tmospher ic  e f f e c t s  of p a t h  r a d i a n c e  and t r a n s m i t t a n c e  a r e  b o t h  p r e s e n t  
i n  i t s  s i g n a l s .  F i g u r e  8 s i m u l a t e s  t h e  t o t a l  r a d i a n c e  t h a t  would b e  r e c e i v e d  
by t h e  s c a n e r  from a  d i f f u s e l y  r e f l e c t i n g  s u r f a c e  w i t h  t h e  r e f l e c t a n c e  
spectrum of g r e e n  v e g e t a t i o n .  A comparison of F i g u r e s  7 and 8 shows t h a t  
t h e  p a t h  r a d i a n c e  i s  a  s u b s t a n t i a l  component of t h e  t o t a l  r e c e i v e d  r a d i a n c e .  
Both f i g u r e s  show t h e  l a r g e  and s y s t e m a t i c  changes i n  s i g n a l  l e v e l  t h a t  a r e  
a s s o c i a t e d  w i t h  t ime of day ,  t h a t  i s ,  w i t h  sun  p o s i t i o n ,  
Now, l e t  u s  examine t h e  s c a n  a n g l e  dependence more c l o s e l y .  F i g u r e  9 
p r e s e n t s  a  comparison between e x p e r i m e n t a l  measurements of sky r a d i a n c e  and 
c a l c u l a t e d  v a l u e s  f o r  t h r e e  d i f f e r e n t  s u r f a c e  a l b e d o s ,  Note t h e  e x c e l l e n t  
agreement between t h e  shapes  of t h e  e x p e r i m e n t a l  and t h e  c a l c u l a t e d  c u r v e s  
of sky r a d i a n c e .  W e  a l s o  compared t o t a l  r a d i a n c e  c a l c u l a t e d  w i t h  t h e  model 
and t o t a l  r a d i a n c e  measured by our  s c a n n e r  f o r  s e v e r a l  f i e l d s  of soybeans .  
The d a t a  a r e  p r e s e n t e d  i n  F i g u r e  10.  One immediate ly  n o t e s  t h e  d i f f e r e n c e  
i n  a n g u l a r  response .  We b e l i e v e  t h a t  much of t h i s  d i f f e r e n c e  i s  due t o  t h e  
s u r f a c e  r e f l e c t a n c e  c h a r a c t e r i s t i c s .  The s i m u l a t i o n  model assumed a  p e r -  
f e c t l y  d i f f u s e ,  o r  Lambert ian ,  s u r f a c e ,  whereas r e s u l t s  p r e s e n t e d  i n  t h i s  
volume on r e f l e c t a n c e  modeling of corn  [ 9 ]  and r e s u l t s  of o t h e r  i n v e s t i g a -  
t o r s  show t h a t  a g r i c u l t u r a l  c r o p s ,  l i k e  soybeans ,  do have d e f i n i t e  b i d i r e c -  
t i o n a l  r e f l e c t a n c e  c h a r a c t e r i s t i c s .  W e  a r e  p r e s e n t l y  modifying our  model 
t o  i n c l u d e  such r e f l e c t a n c e s .  
To complete  t h i s  p a r t  of t h e  d i s c u s s i o n ,  two graphs  t h a t  d e p i c t  i n t e r -  
dependencies  of r a d i a t i o n  q u a n t i t i e s  a s  f u n c t i o n s  of t ime of day a r e  pre-  
s e n t e d .  F i g u r e  11 p r e s e n t s  t h e  r a t i o  of t h e  t o t a l  downward i r r a d i a n c e  a t  
an  a l t i t u d e  of 5 km t o  t h e  t o t a l  i r r a d i a n c e  a t  t h e  E a r t h ' s  s u r f a c e ,  We s e e  
t h a t  t h e  i r r a d i a n c e  a t  t h e  a i r c r a f t  i s  s l i g h t l y  g r e a t e r  t h a n  on t h e  ground,  
and becomes more s o  w i t h  an  i n c r e a s e  i n  haze  below t h e  a i r c r a f t .  There  i s  
r e l a t i v e l y  l i t t l e  change i n  t h e  r a t i o  f o r  two hours  e i t h e r  s i d e  of s o l a r  
noon when c o n d i t i o n s  a r e  c l e a r  (V=23 km), b u t  t h e  t ime  dependence f o r  t h a t  
i n t e r v a l  i n c r e a s e s  f o r  s h o r t e r  v i s u a l  r a n g e s .  I n ' a l l  c a s e s ,  t h e r e  i s  s t r o n g  
t i m e  dependence d u r i n g  e a r l y  morning and l a t e  a f t e r n o o n  h o u r s .  T h i s  t y p e  
of i n f o r m a t i o n  can  b e  h e l p f u l  i n  u s i n g  sky s e n s o r  s i g n a l s  f o r  s i g n a t u r e  
e x t e n s i o n .  
The second in te rdependence ,  p r e s e n t e d  i n  F i g u r e  1 2 ,  i s  t h e  r a t i o  of 
p a t h  r a d i a n c e  t o  t o t a l  r a d i a n c e .  These c u r v e s  c l e a r l y  show t h a t  p a t h  r a d i -  
ance i s  a  l a r g e  f r a c t i o n  of t h e  t o t a l  r a d i a n c e ,  e s p e c i a l l y  f o r  v e r y  hazy 
c o n d i t i o n s .  T h e ' i m p o r t a n t  p o i n t  of F i g u r e  12 i s  t h a t ,  f o r  r e a s o n a b l y  c l e a r  
d a y s ,  t h e  r a t i o  of p a t h  r a d i a n c e  t o  t o t a l  r a d i a n c e  i s  e s s e n t i a l l y  c o n s t a n t  
f o r  s e v e r a l  h o u r s  a t  mid-day f o r  a  g i v e n  a tmospher ic  c o n d i t i o n  and a f i x e d  
s u r f a c e  a lbedo .  T h i s  f a c t  shou,ld b e  of v a l u e  i n  t h e  development of tech-  
n i q u e s  t o  remove a tmospher ic  e f f e c t s  from d a t a .  It i s  worth  n o t i n g  t h a t  
t h e  d i f f e r e n c e  between a tmospher ic  e f f e c t s  a t  an  a l t i t u d e  of 5 km and a t  
low a l t i t u d e  i s  g r e a t e r  t h a n  between 5 km and space  a l t i t u d e s .  
TECHNIQUES FOR OVERCOMING SYSTEMATIC VARIATIONS 
The s imple  p h y s i c a l  model t h a t  h a s  been used i n  our  a n a l y s i s  i s  a s  
f o l l o w s :  
where L i s  t h e  r a d i a n c e  s i g n a l ,  
i d e n o t e s  t h e  c l a s s  of ground cover  b e i n g  scanned,  
j  deno tes  t h e  s p e c t r a l  channe l ,  
0 i s  a  v e c t o r  t h a t  d e s c r i b e s  t h e  pa ramete rs  and c o n d i t i o n s  of t h e  
measurement, 
' i s  t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  of t h e  s u r f a c e  ( f o r  a  d i f f u s e  
' i j  
s u r f a c e ,  P i j  ' - P i j  17 ,  where p i s  t h e  d i f f u s e  o r  d i r e c t i o n a l  i j 
r e f l e c t a n c e )  , 
E .  i s  t h e  i r r a d i a n c e  i n  channe l  j ,  
J 
T.  i s  t h e  cor responding  a tmospher ic  t r a n s m i t t a n c e ,  
J 
L  i s  t h e  p a t h  r a d i a n c e  . i n  channe l  j ,  and 
p j  
L i s  t h e  n o i s e - e q u i v a l e n t  r a d i a n c e  i n  channe l  j .  
n  j  
Equa t ion  (1) h a s  e x a c t  p h y s i c a l  meaning on ly  when t h e  r e f l e c t a n c e  of t h e  
s u r f a c e  i s  d i f f u s e  and ,  consequen t ly ,  h a s  no a n g u l a r  dependence.  However, 
f o r  p r e p r o c e s s i n g ,  one can d e f i n e  a  g e n e r a l i z a t i o n  i n  which a n g u l a r  depen- 
dence i s  a l lowed .  
A s  can  be  s e e n  i n  Equa t ion  ( I ) ,  t h e  atmosphere c o n t r i b u t e s  b o t h  an  
a d d i t i v e  term,  L  , t h e  p a t h  r a d i a n c e ,  and a  m u l t i p l i c a t i v e  t e r m ,  T ,- t h e  
t r a n s m i t t a n c e .  From t h i s ,  we conclude t h a t ,  i n  g e n e r a l ,  a p r e p r o c e s s i n g  
t r a n s f o r m a t i o n  shou ld  i n c l u d e  b o t h  a d d i t i v e  and m u l t i p l i c a t i v e  c o r r e c t i o n  
f u n c t i o n s .  Our g e n e r a l  p r e p r o c e s s i n g  t r a n s f o r m a t i o n ,  c a l l e d  t h e  U-V t r a n s -  
f o r m a t i o n ,  meets  t h i s  r equ i rement .  
The o p e r a t i n g  p r i n c i p l e  of t h i s  t r a n s f o r m a t i o n  i s  one of a d j u s t i n g  a 
s i g n a l ,  L(0) t o  L(9 ) ,  t h e  v a l u e  i t  would have had ,  had i t  been measured 
0 
under  a  r e f e r e n c e  s e t  of c o n d i t i o n s  r e p r e s e n t e d  by i3 . That  i s ,  
0 
where L(O ) i s  t h e  r a d i a n c e  a t  r e f e r e n c e  c o n d i t i o n ,  
0 
0 i s  a  v e c t o r  q u a n t i t y  t h a t  d e n o t e s  c o n d i t i o n s  and paramete rs  
of measurement, and 
U(8) and V(8) a r e  c o r r e c t i o n  f u n c t i o n s  t h a t  a r e  independen t  of t h e  
m a t e r i a l  c l a s s e s .  
C l e a r l y ,  V(0) is  t h e  a d d i t i v e  c o r r e c t i o n  f u n c t i o n  and U(0) is t h e  m u l t i -  
p l i c a t i v e  one.  
There  are s e v e r a l  s y s t e m a t i c  o r  d e t e r m i n i s t i c  e f f e c t s  f o r  which t h e  
t echn ique  p o t e n t i a l l y  can c o r r e c t ;  t h e s e  i n c l u d e  s c a n  a n g l e  e f f e c t s ,  i l l u -  
m i n a t i o n  changes a long  t h e  f l i g h t  l i n e ,  c loud  shadows, a l t i t u d e  e f f e c t s ,  
and day-to-day changes i n  c o n d i t i o n s .  We w i l l  d i s c u s s  and show examples 
of c o r r e c t i o n s  o n l y  f o r  s c a n  a n g l e  e f f e c t s  and a l t i t u d e  e f f e c t s .  
The c o r r e c t i o n  f u n c t i o n s ,  U(.8) and !!(€I), can be determined e i t h e r  from 
t h e  d a t a  o r  from model c a l c u l a t i o n s .  The s i m p l e s t  e m p i r i c a l  p rocedure  f o r  
s c a n  a n g l e  c o r r e c t i o n  i s  t o  s e l e c t  two r e l a t i v e l y  uniform f i e l d s  of d i f f e r -  
e n t  r e f l e c t a n c e  t h a t  ex tend  over  a  common r a n g e  of s c a n  a n g l e s .  The s o l u -  
t i o n  of s imul taneous  e q u a t i o n s  y i e l d s  t h e  U and V f u n c t i o n s ,  More g e n e r a l  
ways have been developed and a p p l i e d .  
We determined a n g l e  c o r r e c t i o n  f u n c t i o n  f o r  a  d a t a  set c o l l e c t e d  under  
hazy c o n d i t i o n s  ( a t  a  v i s u a l  r a n g e  of %6 km).  F i g u r e  1 3  p r e s e n t s  p l o t s  of 
average  s i g n a l  v s .  s c a n  a n g l e  f o r  s i x  soybean f i e l d s  b e f o r e  a n g l e  - c o r r e c t i o n  
was a p p l i e d .  The d a t a  cover  a  s c a n  a n g l e  i n t e r v a l  roughly + 2 5 O  from n a d i r .  
Even though t h e  o r d i n a t e  s c a l e  a c c e n t u a t e s  d i f f e r e n c e s ,  a s u b s t a n t i a l  s c a n  
a n g l e  e f f e c t  i s  e v i d e n t  i n  a l l  f i e l d s .  These w i t h i n - f i e l d  a n g l e  v a r i a t i o n s  
mask t h e  be tween- f ie ld  d i f f e r e n c e s  p r e s e n t  i n  t h i s  d a t a  s e t .  F i g u r e  14 shows 
t h e  same s i x  f i e l d s  a f t e r  U-V a n g l e  c o r r e c t i o n s  were a p p l i e d .  The w i t h i n -  
f i e l d  a n g l e  v a r i a t i o n s  have now been reduced t o  t h e  p o i n t  where t h e  between- 
f i e l d  d i f f e r e n c e s  dominate t h e  d a t a  s e t .  
An i n d i r e c t  method f o r  t e s t i n g  t h e  a b , i l i t y  of p r e p r o c e s s i n g  t e c h n i q u e s  
t o  remove s y s t e m a t i c  v a r i a t i o n s  i s  t o  perform r e c o g n i t i o n  on d a t a  s e t s  w i t h  
and w i t h o u t  p r e p r o c e s s i n g .  D i f f e r e n c e s  between f i e l d s  used f o r  t r a i n i n g  and 
t h o s e  i n  o t h e r  p a r t s  of t h e  d a t a  s e t ,  however, can mask o r  obscure  t h e  im- 
provements produced by t h e  t echn iques  i n  such  a  t e s t .  
F i g u r e  1 5  p r e s e n t s  a  comparison of r e c o g n i t i o n  e r r o r s  f o r  d i f f e r e n t  
t r e a t m e n t s  of t h e  d a t a  s e t s  where,  l i k e  g o l f ,  t h e  s m a l l e r  numbers s i g n i f y  
b e t t e r  performance.  The l e f t -hand  t h r e e  d a t a  columns a r e  f o r  d a t a  c o l l e c t e d  
a t  a n  a l t i t u d e  of 1 ,000 f t  and p rocessed  w i t h  t r a i n i n g  a r e a s  s e l e c t e d  from 
w i t h i n  t h a t  d a t a  se t .  The f i r s t  column g i v e s  r e c o g n i t i o n  e r r o r s  w i t h o u t  
d a t a  smoothing and w i t h o u t  p r e p r o c e s s i n g .  The f a c t  t h a t  48% of t h e  f i e l d s  
had l e s s  t h a n  h a l f  t h e i r  e lements  i d e n t i f i e d  c o r r e c t l y  i s  a  f e a t u r e  of t h e  
d a t a  s e t  and the .way  i n  which t h e  t r a i n i n g  a r e a s  were s e l e c t e d .  Only 14% 
of t h e  f i e l d s  were i n c o r r e c t l y  c l a s s i f i e d  when t h e  m a j o r i t y  d e c i s i o n  w a s  
a s s i g n e d  t o  t h e  f i e l d .  A s  shown i n  t h e  second column, a  smoothing t o  reduce  
sys tem n o i s e  and element-to-element v a r i a t i o n  d i d  n o t  a p p r e c i a b l y  a f f e c t  t h e  
r e c o g n i t i o n  performance h e r e ,  a l t h o u g h  i t  h a s  been u s e f u l  i n  o t h e r  i n s t a n c e s .  
Then, when we examine column 3 ,  we s e e  t h a t  t h e  a p p l i c a t i o n  of t h e  U-V pre-  
p r o c e s s i n g  t r a n s f o r m a t i o n  produced a s u b s t a n t i a l  r e d u c t i o i i n  c l a s s i f i c a t i o n  
e r r o r s  accord ing  t o  b o t h  c r i t e r i a .  
The two columns on t h e  r i g h t  of F i g u r e  15 r e p r e s e n t  d a t a  c o l l e c t e d  a t  
an  a l t i t u d e  of 5,000 f t .  The f i r s t  of t h e  two used t r a i n i n g  a r e a s  from t h e  
5 ,000- f t  d a t a  and no p r e p r o c e s s i n g ,  The second used t h e  U-V p r e p r o c e s s i n g  
t r a n s f o r m a t i o n  i n  two ways, one t o  remove s c a n  a n g l e  e f f e c t s  and one t o  ex- 
t end  t r a i n i n g  s i g n a t u r e s  from 1 ,000  f t  t o  5 ,000 f t .  The r e c o g n i t i o n  e r r o r s  
r e s u l t i n g  from u s e  of 1 , 0 0 0 - f t  s i g n a t u r e s  a r e  comparable w i t h  t h o s e  f o r  
5 ,000- f t  s i g n a t u r e s .  Although t h e  comparison would be  l e s s  f a v o r a b l e  had 
t h e  5 ,000- f t  d a t a  been p r e p r o c e s s e d ,  t h e  s i g n a t u r e  e x t e n s i o n  d e m o n s t r a t i o n  
is  s t i l l  encourag ing .  
SUITABILITY OF THE NORMAL LIKELIHOOD FUNCTION 
FOR RECOGNITION DECISION RULES 
Like l ihood  f u n c t i o n s  a r e  used i n  c l a s s i f i c a t i o n  d e c i s i o n  ( i . e . ,  
r e c o g n i t i o n )  p r o c e s s e s  on m u l t i s p e c t r a l  scanner  d a t a .  These f u n c t i o n s  a r e  
u s u a l l y  r e p r e s e n t e d  by m u l t i v a r i a t e  normal (Gaussian)  d e n s i t y  f u n c t i o n s ,  
whose s t a t i s t i c a l  pa ramete rs  a r e  determined f o r  t h e  v a r i o u s  d e c i s i o n  
c l a s s e s  from s u b s e t s  of t h e  d a t a .  L a s t  y e a r ,  we t e s t e d  t h e  n o r m a l i t y  of 
i n d i v i d u a l  s u b s e t s  of d a t a  cor responding  t o  s i n g l e  f i e l d s ,  and a l l  were 
found t o  b e  non-normal a t  t h e  1% l e v e l  of s i g n i f i c a n c e  u s i n g  a  s t a n d a r d  
ch i - square  goodness of f i t  test [ 7 ] .  During t h e  y e a r  j u s t  ended,  we 
compared two maximum l i k e l i h o o d  d e c i s i o n  r u l e s  on t h e  b a s i s  of p a i r e d  
r e c e i v e r  o p e r a t i n g  c h a r a c t e r i s t i c  (ROC) c u r v e s ,  one member of each  p a i r  
r e p r e s e n t i n g  a  m u l t i v a r i a t e  normal d e c i s i o n  r u l e  and t h e  o t h e r  a  r u l e  
based on an e m p i r i c a l  d e n s i t y  f u n c t i o n .  For each  d a t a  s e t ,  an  a l t e r n a t i v e  
h y p o t h e s i s  was assumed, and t h e  Type I v s .  Type I1 e r r o r s  ( p r o b a b i l i t y  of 
m i s s  v s .  f a l s e  a la rm)  were p l o t t e d  f o r  d i f f e r e n t  d e c i s i o n  l e v e l s  f o r  each 
d e c i s i o n  r u l e ;  s e e  F i g u r e  16 f o r  a  t y p i c a l  p a i r  of ROC c u r v e s .  From such  
c u r v e s  a  d i r e c t  comparison can be  made between t h e  two l i k e l i h o o d  f u n c t i o n  
d e c i s i o n  r u l e s .  
The c h o i c e  of a n  a l t e r n a t i v e  h y p o t h e s i s  i s  a n  i m p o r t a n t  c o n s i d e r a t i o n .  
I f  we c o n s i d e r  t h e  d a t a  t o  be  p o i n t s  i n  a  hyperspace ,  of which each coor-  
d i n a t e  cor responds  t o  a  t r ans formed  s p e c t r a l  c h a n n e l ,  t h e n  t h e  q u e s t i o n  
becomes one o f :  where i n  t h e  hyperspace  s h a l l  we l o c a t e  t h e  a l t e r n a t i v e  
h y p o t h e s i s ?  The l o c a t i o n  and shape  of t h e  a l t e r n a t i v e  d i s t r i b u t i o n  can b e  
expected t o  a f f e c t  t h e  d e c i s i o n  e r r o r s .  A d i s t r i b u t i o n  was chosen t h a t  
was un i fo rmly  l o c a t e d  i n  t h e  hyperspace  and cor responds  t o  t h e  u s e  of many 
d i f f e r e n t  s e p a r a t e  d i s t r i b u t i o n s  l o c a t e d  un i fo rmly  i n  t h e  hyperspace .  Thus, 
t h e  r e s u l t s  correspond t o  an  a v e r a g e  of t h e  performance t h a t  would b e  ob- 
t a i n e d  u s i n g  a  l a r g e  number of s e p a r a t e  d i s t r i b u t i o n s .  T h i s  c h o i c e  of an  
a l t e r n a t i v e  d i s t r i b u t i o n  has  t h e  a d d i t i o n a l  advan tage  of making i t  p o s s i b l e  
f o r  one t o  t e s t  each  d a t a  s e t  i n d i v i d u a l l y .  
The Type I e r r o r s  were  found by s e l e c t i n g  a  d e c i s i o n  l e v e l  and count-  
i n g  t h e  p e r c e n t a g e  of p o i n t s  t h a t  were r e j e c t e d  by u s i n g  f i r s t  one ,  t h e n  
t h e  o t h e r ,  d e c i s i b n  r u l e .  The Type I1 e r r o r s  were found by d i r e c t  c a l c u l a -  
t i o n .  Data  p o i n t s  f o r  t h e  a l t e r n a t i v e  were  assumed t o  b e  l o c a t e d  un i fo rmly  
th roughout  a  hyper - rec tangu la r  p a r a l l e l e p i p e d ,  t h e  dimensions  of which were 
s e t  s o  t h a t  0.9995 of t h e  volume of t h e  Gaussian d i s t r i b u t i o n s  would be 
i n c l u d e d  . 
A s  a  r e s u l t  of our  t e s t s ,  w e  have dec ided  t h a t  t h e  u s e  of t h e  normal 
l i k e l i h o o d  f u n c t i o n  f o r  i n d i v i d u a l  f i e l d s  i s  j u s t i f i e d  f o r  r e c o g n i t i o n  pro- 
c e s s i n g  of m u l t i s p e c t r a l  scanner  d a t a .  T h i s  f u n c t i o n  i s  much q u i c k e r  t o  
g e n e r a t e  and u s e  t h a n  t h e  h i s togram f u n c t i o n .  Also ,  t h e  improvement i n  
performance t h a t  would r e s u l t  from u s i n g  a h i s togram l i k e l i h o o d  f u n c t i o n  
and a l l  of t h e  channe l s  i s  n o t  b e l i e v e d  t o  b e  s i g n i f i c a n t .  More promising 
approaches ,  we b e l i e v e ,  a r e  (1) t o  p r e p r o c e s s  t h e  d a t a  t o  compensate f o r  
scan  a n g l e  and s i m i l a r  s y s t e m a t i c  e f f e c t s  a n d / o r  (2) t o  compensate by chang- 
i n g  t h e  d e c i s i o n  r u l e  p a r a m e t e r s .  By u s i n g  t h e  f i r s t  approach,  we would 
e x p e c t  t h e  t ransformed d a t a  t o  have d i s t r i b u t i o n s  t h a t  a r e  more n e a r l y  nor-  
mal and a t  t h e  same t i m e ,  have reduced v a r i a n c e s .  
CHANNEL SELECTION 
D i g i t a l  r e c o g n i t i o n  p r o c e s s i n g  c o s t s  a r e  p r o p o r t i o n a l  t o  t h e  s q u a r e  
of t h e  number of channe l s  used f o r  q u a d r a t i c  d e c i s i o n  r u l e s  s o  a  r e d u c t i o n  
i n  t h e  number of channe l s  reduces  c o s t s .  Analog and h y b r i d  sys tems can 
m a i n t a i n  a  h i g h  th roughput  r a t e  f o r  any number of c h a n n e l s ,  b u t  t h e i r  f l e x i -  
b i l i t y  and c a p a c i t y  f o r  d i f f e r e n t  m a t e r i a l  c l a s s e s  are reduced when many 
i n f o r m a t i o n  channe l s  a r e  used f o r  r e c o g n i t i o n .  
. . 
The p r i n c i p a l  f e a t u r e s  of our  channe l  s e l e c t i o n  p rocedure  a r e  l i s t e d  
i n  F i g u r e  1 7 .  F i r s t ,  we have chosen t h e  ~ a ~ e s i a n  c r i t e r i o n ,  average  
expected l o s s .  It can be  fo rmula ted  a s  a n  average  p r o b a b i l i t y  of m i s c l a s s i -  
f i c a t i o n  and h a s  a  d i r e c t  p h y s i c a l  i n t e r p r e t a t i o n .  
. - 
T O  make t h e  c a l c u l a t i o n  of t h i s  c r i t e r i o n  p r a c t i c a l ,  we have had t o  
make a  number of assumptions  which a r e  s t r a i g h t f o r w a r d  and have been ana lyzed  
and v e r i f i e d .  F i r s t ,  we assume normal (Gaussian)  s t a t i s t i c s .  Second, we 
u s e  a  p a i r w i s e  method of c a l c u l a t i o n ,  and t h i r d ,  we u s e  a s t e p w i s e  p rocedure  
t h a t  s u c c e s s i v e l y  adds  t h e  one channe l  which g i v e s  t h e  lowes t  average  prob- 
a b i l i t y  of m i s c l a s s i f i c a t i o n  when used w i t h  t h o s e  a l r e a d y  s e l e c t e d .  
R e c e n t l y ,  w e  developed a  much f a s t e r  p rocedure  t h a t  assumes a l i n e a r  
approx imat ion  t o  t h e  q u a d r a t i c  d e c i s i o n  s u r f a c e  which r e s u l t s  i n  a  much 
s i m p l e r  c a l c u l a t i o n  of t h e  p r o b a b i l i t y  of m i s c l a s s i f i c a t i o n .  The new 
l i n e a r  method i s  50 t imes  f a s t e r  t h a n  t h e  q u a d r a t i c  method, and i t s  u s e  
r e s u l t s  i n  s u b s t a n t i a l  s a v i n g s  w h i l e  r e t a i n i n g  t h e  i n t e r p r e t a t i o n  f e a t u r e  
of t h e  o l d e r  method. F i g u r e  1 8  p r e s e n t s  a  comparison of r e s u l t s  o b t a i n e d  
w i t h  t h e  two procedures  f o r  a  d a t a  set w i t h  n i n e  s i g n a t u r e s  and t e n  d a t a  
c h a n n e l s .  Note f i r s t  t h e  d i f f e r e n c e  i n  t ime  - one hour  f o r  t h e  q u a d r a t i c  
method and on ly  70 seconds  f o r  t h e  l i n e a r  method. Next, we s e e  t h a t  t h e  
o r d e r i n g  of t h e  channe l s  i s  t h e  same i n  b o t h  c a s e s  f o r  t h e  f i r s t  s i x  
channe l s .  F i n a l l y ,  we see t h a t  t h e  average  p r o b a b i l i t i e s  of m i s c l a s s -  
i f i c a t i o n  computed by t h e  l i n e a r  method a r e  i n  v e r y  good agreement w i t h  
t h o s e  of t h e  o t h e r  method. 
RADIATION BALANCE MAPPING 
Our f i n a l  s t u d y  r e s u l t s  from t h e  f a c t  t h a t  synchronous r e f l e c t i v e  
and the rmal  d a t a  have become a v a i l a b l e .  We now can e x p l o r e  an i n t e r p r e -  
t i v e  use  of scanner  d a t a  i n  a n a l y z i n g  t h e  energy budge t s  of v e g e t a t i o n  and 
o t h e r  s u r f a c e  m a t e r i a l s ,  b o t h  man-made and n a t u r a l .  An energy budget i s  
s imply a  s t a t e m e n t  of t h e  f a c t  t h a t  m a t e r i a l s  main ta ined  b a l a n c e  i n  t h e  
exchange of energy w i t h  t h e i r  environment.  A s  shown i n  F i g u r e  1 9 ,  t h e r e  
i s  a n e t  amount o f  r a d i a n t  energy absorbed by an o b j e c t ,  l i k e  a  p l a n t ,  
from i t s  sur roundings .  T h i s  energy i s  p a r t i t i o n e d  i n t o  s e v e r a l  components. 
The f i r s t  component i s  used i n  e v a p o r a t i n g  w a t e r  such a s  i n  t r a n s p i r a t i o n .  
Other  components h e a t  t h e  a i r  around t h e  p l a n t  and s o i i  o r  r e p r e s e n t  energy 
conducted away from them. F i n a l l y ,  t h e r e  i s  a  n e t  energy convers ion  
component which u s u a l l y  i s  s m a l l  by comparison. From t h i s  p a r t i t i o n i n g  
of n e t  absorbed r a d i a n t  energy ,  i t  i s  c l e a r  why n e t  r a d i a t i o n  i s  of i n t e r e s t  
f o r  i r r i g a t i o n  and w a t e r  s t r e s s  s t u d i e s .  
The i n s t a n t a n e o u s  n e t  r a t e  a t  which r a d i a n t  energy i s  absorbed by a  
s u r f a c e  a l s o  i s  made up of s e v e r a l  components a s  shown i n  F i g u r e  20. A 
f r a c t i o n ,  p, of t h e  shor t -wavelength  i r r a d i a n c e ,  E  , i s  r e f l e c t e d  l e a v i n g  
a  n e t  amount absorbed e q u a l  t o  ( 1  - p)ES. Next, t E e r e  i s  a  s u b s t a n t i a l  
amount of the rmal  r a d i a t i o n  from t h e  atmosphere and sur roundings  t h a t  i s  
absorbed.  F i n a l l y ,  t h e  s u r f a c e  i t s e l f  emi t s  the rmal  r a d i a t i o n .  
A m u l t i s p e c t r a l  s c a n n e r  measures t h e  ou tgo ing  r a d i a n c e  of a  s u r f a c e ,  i n  
many channe l s ,  through t h e  atmosphere.  F i g u r e  21  i s  a  map of t h e  apparen t  
ou tgo ing  r a d i a t i o n  o r  e x i t a n c e  from an a g r i c u l t u r a l  a r e a .  It was produced 
by weigh t ing  and summing t h e  c o n t r i b u t i o n s  from t h e  v a r i o u s  s c a n n e r  channe l s .  
The a tmospher ic  e f f e c t s  (pa th  r a d i a n c e  and t r a n s m i t t a n c e )  must be  removed 
t o  o b t a i n  t h e  a c t u a l  e x i t a n c e  of each s u r f a c e  w i t h  t h e  assumed s p a t i a l  d i s -  
t r i b u t i o n  of e x i t a n c e .  The small d a r k  s p o t s  i n  t h e  lower l e f t  hand c o r n e r  
a r e  young t r e e s  i n  an o r c h a r d .  The dark  c i r c u l a r  a r e a  above them i s  wet 
b a r e  s o i l ,  surrounded by d r y  b a r e  s o i l .  Less  r a d i a t i o n  i s  l e a v i n g  t h e  wet 
s o i l  because  i t  i s  d a r k e r  and because  t h e  energy used t o  e v a p o r a t e  t h e  w a t e r  
keeps  i t s  t empera tu re  lower .  A t  t h e  r i g h t  of t h e  map, we have two corn  
f i e l d s ;  t h e  lower  one i s  d a r k e r ;  i t  was more mature ,  r e f l e c t e d  l e s s  near-IR 
r a d i a t i o n ,  and had more e v a p o t r a n s p i r a t i o n  t h a n  t h e  upper f i e l d .  
Upon e s t i m a t i n g  t h e  incoming power d e n s i t y  a t  b o t h  s h o r t  and l o n g  wave- 
l e n g t h s ,  a  map of  n e t  r a d i a t i o n  o r  r a d i a t i o n  b a l a n c e  can be produced and 
would appear  a s  shown i n  F i g u r e  2 2 .  Here,  t h e  r e l a t i v e  t o n e s  a r e  r e v e r s e d  
from t h o s e  of t k e  p r e v i o u s  s l i d e .  The wet s o i l  and v e g e t a t i o n  which have 
t h e  h i g h e s t  n e t  r a d i a t i o n  v a l u e s  a r e  h e r e  d i s p l a y e d  i n  l i g h t  t o n e s .  
CONCLUDING REMARKS 
Four a s p e c t s  of t e c h n i q u e s  f o r  e x t r a c t i n g  u s e f u l  i n f o r m a t i o n  from m u l t i -  
s p e c t r a l  scanner  d a t a  a r e  d i s c u s s e d  above.  Our major emphasis i s  on t h e  - 
problems t h a t  have h e l d  back t h e  u s e  of scanner  d a t a  f o r  l a r g e - a r e a  s u r v e y s ,  
f o r  i n s t a n c e ,  problems of e x t e n d i n g  r e c o g n i t i o n  performance away from a r e a s  
used t o  t r a i n  t h e  r e c o g n i t i o n  computers ,  
Sources  of s y s t e m a t i c  v a r i a t i o n  have been examined by u s e  of a  s imula-  
t i o n  model and some v a l u a b l e  i n s i g h t s  have been g a i n e d .  These i n s i g h t s ,  
through techn iques  based on t h e  model c a l c u l a t i o n s ,  w i l l  be  a p p l i e d  t o  r e a l  
scanner  d a t a  d u r i n g  t h e  coming y e a r .  The model i s  a p p l i c a b l e  t o  b o t h  a i r -  
c r a f t  and s p a c e  d a t a .  
P r e p r o c e s s i n g  i s  one method f o r  removing t h e s e  s y s t e m a t i c  e f f e c t s  s o  a s  
t o  improve r e c o g n i t i o n  performance.  We have developed a  g e n e r a l  t e c h n i q u e  
and demonstra ted i t s  a b i l i t y  t o  reduce  s c a n  a n g l e  v a r i a t i o n s  and t o  extend 
s i g n a t u r e s  from one a l t i t u d e  t o  a n o t h e r .  We a l s o  have s t u d i e d  t h e  e x t e n s i o n  
of t h e  t echn ique  t o  two dimensions  and must now develop i t  t o  remove s y s t e m a t i c  
v a r i a t i o n s  t h a t  occur  a l o n g  t h e  d i r e c t i o n  of f l i g h t  a s  t h e  sun  changes p o s i t i o n  
and a tmospher ic  c o n d i t i o n s  change.  T h i s  i s  an  impor tan t  problem f o r  a r e a  
su rvey  o p e r a t i o n s .  
While p r e p r o c e s s i n g  i s  an  e f f i c i e n t  method f o r  removing s y s t e m a t i c  v a r i a -  
t i o n s ,  i t  t r a n s f o r m s  a l l  s i g n a l s  i n  e x a c t l y  t h e  same way r e g a r d l e s s  of t h e i r  
m a t e r i a l  c l a s s .  More f l e x i b i l i t y  i n  p r o c e s s i n g ,  such a s  t h e  u s e  of. a d a p t i v e  
t e c h n i q u e s ,  would b e  p o s s i b l e  i f  t h e  d e c i s i o n  r u l e  pa ramete rs  were changed i n  
a d d i t i o n  t o  changing t h e  d a t a .  
A s t u d y  of t h e  u s e f u l n e s s  of e m p i r i c a l  d e n s i t y  f u n c t i o n s  a s  opposed t o  
t h e  normal (Gaussian) d e n s i t y  f u n c t i o n  f o r  r e c o g n i t i o n  p r o c e s s i n g  l e d  t o  t h e  
c o n c l u s i o n  t h a t  t h e  normal assumption f o r  i n d i v i d u a l  f i e l d s  i s  j u s t i f i e d  f o r  
p r o c e s s i n g  m u l t i s p e c t r a l  scanner  d a t a ,  
We have developed a  r a p i d  method f o r  choosing s u b s e t s  of i n f o r m a t i o n  
channe l s  t o  u s e  f o r  p r o c e s s i n g .  While t h u s  f a r  i t  h a s  been a p p l i e d  c n l y  f o r  
s e l e c t i n g  among scanner  c h a n n e l s ,  i t  can be  used t o  s e l e c t  among o t h e r  f e a t u r e s  
e x t r a c t e d  from t h e s e  o r i g i n a l  d a t a  c h a n n e l s .  The t h e o r y  developed d u r i n g  t h i s  
e f f o r t  shou ld  a l s o  be  a p p l i c a b l e  t o  o t h e r  a r e a s  of p r o c e s s i n g .  
F i n a l l y ,  i n  t h e  a r e a  of i n t e r p r e t i v e  t e c h n i q u e s ,  we have developed 
p rocedures  f o r  producing r a d i a t i o n  b a l a n c e  maps from t h e  wide spectrum 
covered by t h e  new m u l t i s p e c t r a l  s c a n n e r s .  T h i s  t y p e  of map and v a r i a n t s  
of i t  should prove u s e f u l  i n  a g r i c u l t u r e ,  meteoro logy ,  hydrology,  geography, 
and o t h e r  d i s c i p l i n e s  i n  which energy budget r e l a t i o n s h i p s  a r e  of i n t e r e s t .  
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FIGURE 3 . .  DEPENDENCE OF TRANSMITTANCE ON 





















































































































FIGURE 8. DEPENDENCE O F  TOTAL RADIANCE ON 
TIME AND SCAN ANGLE. Southeastern Michigan, 1 
September  197 1 
*Note  that surface a lbedo  during measurements was not 
specified quantitatively, but from description of a r e a  
we bel ieve it  to be  approximately 0 .2 .  
Sun 
ZENITH S C A N  ANGLE (Degrees) 
FIGURE 9 .  DEPENDENCE O F  SKY RADIANCE ON 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































FIGURE 22 .  EXAMPLE RADIATION BALANCE M A P  
SECTION 30 
USER ORIENTED MULTISPECTRAL DATA 
PROCESSING AT THE UNIVERSITY OF MICHIGAN* 
F r e d e r i c k  J.  Thomson 
U n i v e r s i t y  of Michigan 
Ann Arbor,  Michigan 
INTRODUCTION 
T h i s  paper d i s c u s s e s  t h e  r e s u l t s  of t h e  second y e a r  of a  coord ina ted  
program of a p p l i c a t i o n  of proven and promising m u l t i s p e c t r a l  d a t a  proc- 
e s s i n g  t e c h n i q u e s  t o  p r a c t i c a l  problems posed by NASA c e n t e r ,  government 
agency, and u n i v e r s i t y  i n v e s t i g a t o r s .  The two g o a l s  of t h i s  program a r e  
t o  a s s e s s  t h e  f e a s i b i l i t y  of s o l v i n g  p r a c t i c a l  problems w i t h  a v a i l a b l e  
p r o c e s s i n g  t e c h n i q u e s ,  and t o  i d e n t i f y  a r e a s  where more t e c h n i q u e  deve l -  
opment i s  r e q u i r e d .  For t h e  p a s t  two y e a r s ,  t h i s  program a t  t h e  U n i v e r s i t y  
of Michigan h a s  been funded by NASA th rough  t h e  Manned S p a c e c r a f t  Center  a t  
Houston. 
During t h e  p a s t  f i v e  y e a r s  of working w i t h  i n v e s t i g a t o r s  on p r a c t i c a l  
problems, a  number of p r o c e s s i n g  t e c h n i q u e s  have been found u s e f u l .  These 
t e c h n i q u e s ,  summarized i n  F i g u r e  1 and 2 ,  have been c a l l e d  Type I and Type 
I1 t e c h n i q u e s .  The Type I t e c h n i q u e s  a r e  s imple r  p r o c e s s i n g  t e c h n i q u e s  
u s u a l l y  a p p l i e d  t o  s i n g l e  o r  few channe l s  of d a t a .  They i n c l u d e  imagery, 
c o n t o u r i n g  and q u a n t i z a t i o n ,  f a l s e  c o l o r  f i l m s ,  d u p l i c a t e  ana log  t a p e s ,  
d i g i t i z e d  d a t a  t a p e s ,  and canvas  c a l i b r a t i o n  p a n e l  r e f l e c t a n c e  measurements 
The Type I1 p r o c e s s i n g  t e c h n i q u e s  a r e  more s o p h i s t i c a t e d  t e c h n i q u e s  a p p l i e d  
t o  t h e  m u l t i s p e c t r a l  d a t a  s e t .  They i n c l u d e  s i g n a t u r e  e x t r a c t i o n ,  optimum 
channel  d e t e r m i n a t i o n ,  l i k e l i h o o d  r a t i o  p rocessor  performance p r e d i c t i o n  
(by computing p r o b a b i l i t i e s  of m i s c l a s s i f i c a t i o n ) ,  o b j e c t  r e f l e c t a n c e  o r  
r a d i a n c e  d e t e r m i n a t i o n ,  p r e p r o c e s s i n g  a n a l y s i s ,  ana log  and d i g i t a l  im- 
p lementa t ions  of t h e  l i k e l i h o o d  r a t i o  c l a s s i f i c a t i o n  map, and r a t i o  maps. 
T h i s  paper d i s c u s s e s  s e v e r a l  t e c h n i c a l  accomplishments of t h i s  y e a r ' s  
d a t a  p r o c e s s i n g .  Two new p r o c e s s i n g  t e c h n i q u e s  (parameter  mapping and r a t i o  
mapping) were developed i n  r e s p o n s e  t o  u s e r  r e q u e s t s .  Under t h i s  c o n t r a c t  
we a l s o  p rocessed  h a l f  of t h e  m u l t i s p e c t r a l  d a t a  c o l l e c t e d  f o r  t h e  Corn 
B l i g h t  Watch Experiment.  Remaining s e c t i o n s  of t h i s  paper w i l l  d i s c u s s  
t e c h n i c a l  h i g h l i g h t s ,  t h e  scope  of t h i s  y e a r ' s  e f f o r t ,  a n d . a  l i s t  of coop- 
e r a t i n g  a g e n c i e s ,  NASA c e n t e r s ,  and u n i v e r s i t y  pe rsonne l .  It w i l l  conc lude  
w i t h  sugges ted  a r e a s  of f u r t h e r  i n v e s t i g a t i o n .  
* T h i s  r e p o r t  h a s  t h e  Willow Run Number 03165-100-S 
TECHNICAL HIGHLIGHTS 
The d a t a  p r o c e s s i n g  e f f o r t  was h i g h l i g h t e d  by two k i n d s  of t e c h n i c a l  
achievements  . F i r s t ,  two new p r o c e s s i n g  t e c h n i q u e s  (pa ramete r  mapping and 
r a t i o  mapping) were  developed t o  s o l v e  s p e c i f i c  i n v e s t i g a t o r - p o s e d  problems. 
Second, our  p a r t i c i p a t i o n  i n  t h e  Corn B l i g h t  Watch exper iment  gave  u s  t h e  
o p p o r t u n i t y  t o  e v a l u a t e  t h e  c a p a b i l i t i e s  of e x i s t i n g  m u l t i s p e c t r a l  d a t a  
p r o c e s s i n g  t echnques  a p p l i e d  t o  semi -opera t iona l  i n v e s t i g a t i o n .  
While t h e  pa ramete r  mapping and r a t i o  mapping t e c h n i q u e s  were developed 
t o  s o l v e  s p e c i f i c  problems, w e  f e e l  t h a t  t h e y  have g e n e r a l  a p p l i c a b i l i t y ,  
and t h u s  w a r r a n t  f a i r l y  comple te  d i s c u s s i o n  h e r e .  Because of t h e  scope  of 
t h e  Corn B l i g h t  Watch e f f o r t ,  i t  i s  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  
PARAMETER MAPPING 
Parameter  mapping, c l o s e l y  r e l a t e d  t o  L ike l ihood  r a t i o  p a t t e r n  r e c -  
o g n i t i o n ,  was implemented o n  SPARC t o  t e s t  a  h y p o t h e s i s  o f f e r e d  by A.E. 
Coker of  USGS-Tampa. He was a t t e m p t i n g  t o  a s s e s s  p o l l u t i o n  o f  ground w a t e r  
i n  c e n t r a l  F l o r i d a  o c c u r r i n g  when f l u o r i d e  r i c h ,  h i g h  pH, e f f l u e n t s  fr3m 
phospha te  p r o c e s s i n g  ponds s e e p  th rough  d i k e s  and mix w i t h  t h e  ground w a t e r  
supp ly .  Large  seepages  of  e f f l u e n t s  from d iked  ponds can be  d e t e c t e d  
b e c a u s e  t h e  su r round ing  v e g e t a t i o n  i s  k i l l e d  and a  w h i t e  s a l t  c r u s t  a p p e a r s  
on t h e  s o i l  s u r f a c e .  The p r o b l a n  i s  t o  d e t e c t  s m a l l  seepages  of t h e  dan- 
g e r o u s  and t o x i c  e f f l u e n t  when c o n c e n t r a t i o n s  a r e  n o t  l a r g e  enough t o  k i l l  
v e g e t a t i o n .  
Coker hypo thes ized  t h a t  t h e  r e f l e c t a n c e  s p e c t r a  of t h e  p l a n t s  a f f e c t e d  
w i t h  f l u o r i d e  would be  m o d i f i e d ,  and t h a t  t h e  amount of  t h i s  m o d i f i c a t i o n  
was p o s s i b l y  p r o p o r t i o n a l  t o  t h e  amount of  f l u o r i d e  p o l l u t i o n .  To t e s t  
t h i s  h y p t h e s i s  we proposed a  two s t e p  p r o c e s s .  F i r s t ,  u s i n g  c o n v e n t i o n a l  
l i k e l i h o o d  r a t i o  t e c h n i q u e s ,  a l l  a r e a s  of  a  g i v e n  v e g e t a t i o n  type ,  a f f e c t e d  
o r  n o t ,  a r e  r e c o g n i z e d .  Second, u s i n g  a  s i g n a t u r e  from a  known normal a r e a  
of v e g e t a t i o n ,  t h e  d i s t a n c e  between t h e  s i g n a t u r e  of e a c h  s c e n e  p o i n t  pre-  
v i o u s l y  recogn ized  and t h i s  "normal" s i g n a t u r e  is  computed. The d i s t a n c e  
i s  d i s p l a y e d  on b l a c k  and w h i t e  f i l m  a s  a  c o n t i n u o u s  t o n e  d i s p l a y  w i t h  f i l m  
d e n s i t y  p r o p o r t i o n a l  t o  d i s t a n c e .  Only p o i n t s  r ecogn ized  as v e g e t a t i o n  a r e  
p r i n t e d  on t h e  f i l m  a s  v a r i o u s  shades  of g r a y .  I n  t h i s  c a s e ,  t h e  pa ramete r  
which i s  be ing  mapped is t h e  f l u o r i d e  c o n t e n t  of  t h e  p l a n t s .  I t  i s  b e i n g  
mapped t h r o u g h  t h e  efbfect t h a t  t h i s  f l u o r i d e  c o n t e n t  h a s  on t h e  v e g e t a t i o n  
r e f l e c t a n c e  s i g n a t u r e .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  3 ,  where a two dimen- 
s i o n a l ,  c o l o r - s p a c e  p l o t  of  t h e  s i g n a t u r e s ,  d e c i s i o n  b o u n d a r i e s ,  and d i s -  
t a n c e  i s  shown. 
The implementa t ion  of t h i s  t e c h n i q u e  on t h e  SPARC is shown i n  F i g u r e  
4 .  The l i k e l i h o o d  r a t i o ,  formed from t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  of 
t h e  t o t a l  v e g e t a t i o n  s i g n a t u r e  and background s i g n a t u r e s ,  i s  t h r e s h o l d e d  t o  
form a  c o n v e n t i o n a l  r e c o g n i t i o n  s i g n a l .  T h i s  i s  used t o  g a t e  t h e  s i g n a l  
from c i r c u i t r y  computing t h e  s t a t i s t i c a l  d i s t a n c e  from t h e  normal vege ta -  
t i o n  s i g n a t u r e  t o  t h e  s i g n a t u r e  of t h e  p o i n t  be ing  p rocessed .  T h i s  proce- 
d u r e  i s  r e p e a t e d  f o r  every  p o i n t  on t h e  s c a n  l i n e ,  and p r o c e s s i n g  proceeds  
a t  a  r e a l  t ime  r a t e .  
Although t h e  parameter  mapping was developed f o r  a s s e s s i n g  t h e  f l u o r i d e  
c o n t e n t  of v e g e t a t i o n ,  w e  f e e l  t h a t  t h e  t e c h n i q u e  h a s  g e n e r a l  a p p l i c a b i l i t y  
i n  c a s e s  where s t r e s s e s  s u b t l y  a l t e r  t h e  r e f l e c t a n c e  spectrum of v e g e t a t i o n .  
One such example i s  c o r n  b l i g h t ,  where t h e  s t r e s s ,  a l t h o u g h  n o t  sys temic ,  
s t i l l  m o d i f i e s  t h e  r e f l e c t a n c e  of t h e  c o r n  th rough  changes i n  p l a n t  geometry 
and i n  l e a f  s p e c t r a .  Another example i s  t h e  change i n  r e f l e c t a n c e  s p e c t r a  
of t r e e s  c o r r e l a t e d  w i t h  copper and molybdenum c o n t e n t  of t h e  s o i l  r e p o r t e d  
by Canney (1 ) .  
Compared w i t h  l i k e l i h o o d  r a t i o  mapping t e c h n i q u e s ,  where a  t r a i n i n g  
s e t  f o r  each d e g r e e  of s t r e s s  must be  found, t h e  parameter  mapping o f f e r s  
a  r e d u c t i o n  of t r a i n i n g  s e t  r e q u i r e m e n t s .  Only a  t r a i n i n g  s e t  f o r  t h e  
c l a s s  a s  a  whole and f o r  t h e  "normal" c o n d i t i o n  must b e  found. The o u t p u t  
i s  n o t  a r e c o g n i t i o n  map because  no d e c i s i o n  a s  t o  t h e  d e g r e e  of s t r e s s  i s  
made by t h e  computer. We a r e  anx ious  t o  a p p l y  t h i s  p r o c e s s i n g  t e c h n i q u e  
t o  o t h e r  s t r e s s  c o n d i t i o n s  t o  t e s t  i t s  e f f e c t i v e n e s s .  
RATIO MAPPING 
R a t i o  mapping i s  a  t e c h n i q u e  developed i n  r e s p o n s e  t o  an  a p p l i c a t i o n  
proposed by Rober t  Vincent  of t h e  U n i v e r s i t y  of Michigan ( 2 ) .  For t h i s  
t e c h n i q u e ,  t h e  r a t i o  of two s u i t a b l y  c a l i b r a t e d  c h a n n e l s  i s  p r i n t e d  on 
e i t h e r  70mm f i l m  o r  on computer paper i n  t h e  form of a  graymap. 
Vincent found,  a£  t e r  a n a l y s i s  of l a b o r a t o r y  and f i e l d  s p e c t r a  c o l l e c t -  
ed by R . J .P .  Lyon, t h a t  a  r a t i o  of r a d i a n c e s  i n  two narrow wayelength  
i n t e r v a l s  i n  t h e  8-14pm window could be  c o r r e l a t e d  w i t h  t h e  s i l i c a  c o n t e n t  
of r o c k s .  The b a s i s  f o r  t h i s  c o n c l u s i o n  was t h a t  a l l  s i l i c a  c o n t a i n i n g  
m i n e r a l s  d i s p l a y  d e c r e a s e s  i n  e m i s s i v i t y  i n  r e s t s t r a h l e n  bands i n  t h e  8-10um 
r e g i o n ,  and t h e  p o s i t i o n  of t h e s e  bands s h i f t s  t o  l o n g e r  wavelengths  w i t h  
d e c r e a s e  i n  s i l i c a  c o n t e n t  ( s e e  Vincent  and Thomson ( 3 )  ). R a t i o s  of r a -  
d i a n c e  l o c a t e  t h e  p o s i t i o n  of t h e  r e s t s t r a h l e n  band because  t h e  e m i s s i v i t y  
d i r e c t l y  a f f e c t s  t h e  observed e m i t t e d  r a d i a t i o n .  
To t e s t  t h i s  t e c h n i q u e ,  we developed b o t h  d i g i t a l  and ana log  r a t i o  map 
c a p a b i l i t i e s .  The ana log  r a t i o  maps, shown i n  F i g u r e  5, a r e  produced by 
d i v i d i n g  t h e  two s i g n a l s . i n  ar. ana log  d i v i d e r  which i s  p a r t  of t h e  SPARC 
p r e p r o c e s s o r .  The r e s u l t a n t  r a t i o  i s  p r i n t e d  on 70mm f i l m .  
The d i g i t a l  implementat ion of t h e  r a t i o  map i s  s l i g h t l y  more soph is -  
t i c a t e d  t h a n  t h e  SPARC implementat ion and o f f e r s  t h e  advan tage  of e a s i l y  
o b t a i n e d  q u a n t i t a t i v e  o u t p u t  a t  t h e  d i s a d v a n t a g e  of s l i g h t l y  c o a r s e r  and 
p h y s i c a l l y  l a r g e r  d i s p l a y .  The CDC-1604 d i g i t a l  computer program RAITEM 
was developed t o  c a l i b r a t e  two channel  the rmal  i n f r a r e d  d a t a  from t h e  
Honeywell l a y e r e d  d e t e c t o r  (f lown i n  Michigan 's  M-5 scanner  sys tem) ,  form 
t h e  r a t i o  of t h e  two c h a n n e l s 1  d a t a ,  and c o r r e c t  t h e  r a t i o  f o r  e f f e c t s  of 
v a r y i n g  o b j e c t  t empera tu re .  The c o r r e c t i o n  i s  done by o b t a i n i n g  a  r a -  
d i o m e t r i c  e s t i m a t e  of t empera tu re  i n  a  t h i r d  thermal  band, t h e n  u s i n g  a  
t a b l e  lookup procedure  t o  d e t e r m i n e  t h e  c o r r e c t i o n  f a c t o r .  
Although t h e  r a t i o  map t e c h n i q u e  was developed i n  r e s p o n s e  t o  a  geology 
problem, t h e  concept  of r a t i o  maps may be  g e n e r a l l y  u s e f u l  f o r  o t h e r  t y p e s  
o f  i n v e s t i g a t i o n s .  For example Pearcy ( 4 )  h a s  proposed a  b l u e  - g r e e n  r a t i o  
t o  d e l i n e a t e  wa te r  masses  i n  t h e  P a c i f i c  Ocean o f f  Oregon; Vincent h a s  
proposed a  g r e e n - i n f r a r e d  r a t i o  t o  i n d i c a t e  t h e  p r e s e n c e  of f e r r o u s  and 
f e r r i c  i r o n  i n  rocks .  There  a r e  i n d i c a t i o n s  t h a t  r a t i o  maps may be  u s e f u l  
i n  d e l i n e a t i n g  p l a n t  s t r e s s .  
R a t i o  maps a r e  n o t  r e c o g n i t i o n  maps. No d e c i s i o n s  a r e  made by t h e  
computer b e f o r e  t h e  r e s u l t s  a r e  p r i n t e d .  The o u t p u t  of r a t i o  p r o c e s s i n g  
a p p l i e d  t o  v i s i b l e  d a t a  is  r e l a t i v e l y  i n s e n s i t i v e  t o  changing i l l u m i n a t i o n  
c o n d i t i o n s - - t h i s  i s  t h e  b a s i s  of t h e  r a t i o  p r e p r o c e s s i n g  t e c h n i q u e s .  R a t i o  
t e c h n i q u e s  have y i e l d e d  impor tan t  i n f o r m a t i o n  f o r  g e o l o g i c a l  i n v e s t i g a t i o n s ,  
and we l o o k  forward t o  app ly ing  them t o  o t h e r  t y p e s  of i n v e s t i g a t i o n s .  
FURTHER DEVELOPMENTS I N  SIMULATION OF OTHER SENSORS 
The s i m u l a t i o n  of o t h e r  s e n s o r s  i s  a n  impor tan t  p a r t  of m u l t i s p e c t r a l  
p r o c e s s i n g  o p e r a t i o n s .  F r e q u e n t l y ,  i n v e s t i g a t o r s  want t o  e v a l u a t e  how much 
b e t t e r  t h e  m u l t i s p e c t r a l  d a t a  and p r o c e s s i n g  perforrris a j o b  t h a n  a  more 
c o n v e n t i o n a l  pho tograph ic  s e n s o r  and human p r o c e s s o r .  The q u e s t i o n  u s u a l l y  
ar ises--what  i f  t h e  photography were p rocessed  i n  t h e  same way a s  t h e  scanner  
d a t a .  To h e l p  answer t h i s  q u e s t i o n  we have developed s p e c t r a l  s i m u l a t i o n s  
of pho tograph ic  and o t h e r ,  s e n s o r s .  
Many i n v e s t i g a t o r s  have been i n t e r e s t e d  i n  de te rmin ing  whether problems 
can b e  s o l v e d  u s i n g  ERTS d a t a .  L a s t  y e a r  we s imula ted  t h e  s p e c t r a l  r e s p o n s e  
of ERTS-MSS c h a n n e l s  ( s e e  F i g u r e s  6 and 7 where s imula ted  r e s p o n s e s  a r e  
shown as dashed l i n e s  and assumed ERTS-MSS r e s p o n s e s  a r e  shown a s  s o l i d  
l i n e s ) .  T h i s  y e a r  we a l s o  s imula ted  t h e  s p a t i a l  r e s p o n s e  of t h e  ERTS system. 
T h i s  was accomplished by smoothing t h e  scanner  d a t a  t o  a c h i e v e  80m r e s o l u t i o n  
e lement  s i z e .  T h i s  smoothing was accomplished by averag ing  over  p o i n t s  aad 
s c a n  l i n e s  of t h e  o r i g i n a l  scanner  d a t a .  
F i g u r e  8 shows two d i g i t a l  graymaps of a 2 x 8 m i l e  p o r t i o n  of Biscayne 
Bay d a t a  f o r  which ERTS s p e c t r a l  and s p a t i a l  s i m u l a t i o n s  were performed. 
The bottom map i n  F i g u r e  8 i s  of s p e c t r a l l y  s imula ted  ERTS-MSS channe l  3c0.7- 
0.8pm) a t  the o r i g i n a l  scanner  d a t a  r e s o l u t i o n  of 10m. Prominent l a n d  
f e a t u r e s  of s o u t h e r n  Biscayne  Bay a r e  i d e n t i f i e d .  The t o p  map i n  F i g u r e  8 
is  a s i m u l a t i o n  of t h e  ERTS-MSS 80m. s p a t i a l  r e s o l u t i o n  u s i n g  t h e  same d a t a  
set. The impor tan t  l a n d  f e a t u r e s  can s t i l l  b e  i d e n t i f i e d .  T h i s  s u g g e s t s  
t h a t  a t  l e a s t ,  f e a t u r e s  of t h e  s i z e  of Mangrove P o i n t ,  Turkey P o i n t ,  and 
Arsen icker  Key w i l l  be d e l i n e a t e d  on t h e  ERTS d a t a .  
No a i r c r a f t  s e n s o r  can  a d e q u a t e l y  s i m u l a t e  t h e  100 x  100 m i  f i e l d  of 
v iew of the ERTS s e n s o r .  The d a t a  shown i n  F i g u r e  8  comprise  abou t  0.16% 
of t h e  d a t a  i n  a n  e n t i r e  ERTS frame. Eyen a  s i n g l e  RB-57 photograph 
cover ing  1 8  x 1 8  m i l e s  c o v e r s  less t h a n  4% of t h e  a r e a  of a n  ERTS frame. 
It i s  c l e a r  t h a t  some of t h e  problems being a t t a c k e d  w i t h  a i r c r a f t  d a t a  w i l l  
n o t  b e  f e a s i b l e  from ERTS because  of t h e  lower s p a t i a l  r e s o l u t i o n .  By 
s i m u l a t i n g  t h i s  lower r e s o l u t i o n ,  some e s t i m a t e  of t h e  f e a s i b i l i t y  may be  
o b t a i n e d  b e f o r e  g e t t i n g  ERTS d a t a .  F u r t h e r ,  by s i m u l a t i n g  s p a t i a l  res- 
o l u t i o n s  i n t e r m e d i a t e  between ERTS and s c a n n e r ,  w e  c a n  a s s e s s  t h e  u t i l i t y  of 
Var ious  l e v e l s  of r e s o l u t i o n  f o r  s o l v i n g  problems. 
CORN BLIGHT WATCH PARTICIPATION 
I n  e a r l y  May, we were asked t o  a s s i s t  t h e  Labora to ry  f o r  A p p l i c a t i o n s  
of Ranote Sensing (LARS) i n  p r o c e s s i n g  m u l t i s p e c t r a l  d a t a  c o l l e c t e d  a s  p a r t  
of t h e  Corn B l i g h t  Watch Experiment.  Data  were c o l l e c t e d  e v e r y  two weeks 
oyer  t h i r t y  segments of t h e  i n t e n s i v e  s t u d y  a r e a  i n  w e s t e r n  I n d i a n a .  We 
were  asked t o  p r o c e s s  h a l f  of t h i s  d a t a ,  d e l i n e a t e  l e v e l s  of c o r n  b l i g h t  
s e v e r i t y ,  and r e p o r t  r e s u l t s  t o  LARS w i t h i n  two weeks a f t e r  having r e c e i v e d  
t h e  d a t a .  T h i s  e f f o r t  commenced i n  e a r l y  J u l y  and con t inued  th rough  t h e  
midd le  of October ,  and some o r i g i n a l l y  scheduled p r o c e s s i n g  f o r  i n v e s t i g a -  
t o r s  had t o  b e  d e f e r r e d .  
A t  t h e  o u t s e t ,  we r e a l i z e d  t h a t  t h e  p r o c e s s i n g  of t h e  d a t a  would have 
t o  keep pace  w i t h  t h e  c o l l e c t i o n .  Both LARS and we e s t i m a t e d  t h a t  one  
segment pe r  day was a  s u i t a b l e  d a t a  p r o c e s s i n g  r a t e  f o r  e a c h  f a c i l i t y .  The 
a i r c r a f t  program was t h u s  s c a l e d  t o  c o l l e c t  t h i r t y  segments '  d a t a  every  two 
weeks. 
To meet t h e  g o a l  of p r o c e s s i n g  one segment ' s  d a t a  each day,  we o rgan ized  
a  team of f o u r  s u p e r v i s o r s  and six SPARC o p e r a t o r s .  S u p e r v i s o r s  s e l e c t e d  
c o r n  and background t r a i n i n g  s e t s  from a v a i l a b l e  biweekly ground i n f o r m a t i o n ,  
c o l o r  I R  f i l m  c o l l e c t e d  by t h e  C-47, and p r e v i o u s  p r o c e s s i n g  e x p e r i e n c e  w i t h  
t h e  segment. The SPARC and preprocessor  were s e t u p  i n  t h e  8 t a r g e t ,  6 
channe l  c o n f i g u r a t i o n .  LARS s e l e c t e d  s e p a r a t e  sets of six c h a n n e l s  f o r  
n o r t h e r n ,  c e n t r a l ,  and s o u t h e r n  I n d i a n a  segments from a n  a n a l y s i s  of t h e  
p r e v i o u s  m i s s i o n ' s  d a t a .  
Loops of d a t a  were prepared by t h e  SPARC o p e r a t o r s .  These o p e r a t o r s  
t h e n  s e t u p  t h e  SPARC, implemented p r e p r o c e s s i n g  where r e q u i r e d ,  and t r a i n e d  
SPARC. D e s p i t e  c a r e f u l  p lann ing  of t h e  a i r c r a f t  d a t a  c o l l e c t i o n  program t o  
minimize t h e  v a r i a t i o n s  of observed r a d i a n c e  w i t h  scan  a n g l e ,  t h o s e  e f f e c t s  
were prominent enough t o  r e q u i r e  p r e p r o c e s s i n g  c o r r e c t i o n  i n  abou t  80% of t h e  
d a t a .  These d a t a  were c o l l e c t e d  a t  abou t  5000 f t .  above t e r r a i n  under  
v i s i b i l i t y  c o n d i t i o n s  g r e a t e r  t h a n  6 m i l e s .  Because t h e s e  a r e  q u i t e  r e a -  
s o n a b l e  c o n d i t i o n s  under  which t o  c o l l e c t  d a t a  i n  o p e r a t i o n a l  programs, we 
conc lude  t h a t  p r e p r o c e s s i n g  (or  o t h e r  account ing  f o r  angle-dependent v a r -  
i a t i o n s  of observed r a d i a n c e )  must be  cons idered  i n  t h e  d e s i g n  of p r o c e s s o r s  
f o r  o p e r a t i o n a l  a p p l i c a t i o n s .  
Recogni t ion  maps of each c o r n  b l i g h t  c l a s s  were produced and a r e a  c o u n t s  
were accumulated o f  each b l i g h t  l e v e l  d e t e c t e d  by SPARC. The a r e a  c o u n t s  
were r e p o r t e d  t o  LARS on s t a n d a r d  forms. Also,  s u p e r v i s o r s  ana lysed  each  
r e c o g n i t i o n  map, e s t i m a t i n g  t h e  f r a c t i o n  of each c o r n  f i e l d  d e t e c t e d  a s  each 
b l i g h t  l e v e l .  Th i s  i n f o r m a t i o n  was r e p o r t e d  t o  LARS every  two weeks,. 
Some t y p i c a l  Corn B l i g h t  Watch SPARC maps a r e  shown i n  F i g u r e s  9  and 
10 .  I n  F i g u r e  9 ,  SPARC r e s u l t s  from segment 212, Miss ion 43M (8/17/71) a r e  
c o l o r  coded t o  p o r t r a y  c o r n  of b l i g h t  l e v e l s  0-3 ( l i g h t )  i n  g reen ,  c o r n  of 
b l i g h t  l e v e l s  4 and 5 (heavy) i n  r e d ,  and o t h e r  a r e a s  a s  whi te .  F i e l d s  i n  
t h i s  f i g u r e  a r e  e i t h e r  predominant ly  g r e e n  o r  r e d ,  w i t h  v e r y  few f i e l d s  w i t h  
a s i z a b l e  m i x t u r e  of g r e e n  and r e d ,  i n d i c a t i n g  t h a t  t h e r e  i s  a  s m a l l  r a n g e  
of b l i g h t  l e v e l s  w i t h i n  any one f i e l d ,  and t h a t  d i f f e r e n t  f i e l d s  a r e  a f f e c t -  
ed q u i t e  d i f f e r e n t l y  by s o u t h e r n  c o r n  l e a f  b l i g h t  (SCLB), depending on  
cytoplasm t y p e  and l o c a t i o n .  
One s o u r c e  of c o n f u s i o n  i n  t h e  d a t a  a n a l y s i s  i s  i l l u s t r a t e d  by F i g u r e  10.  
I n  t h i s  f i g u r e  a  p o r t i o n  of a  c o r n  r e c o g n i t i o n  map f o r  segment 2 1 1  i s  pres -  
e n t e d ,  a long  w i t h  c o l o r  I R  photography. There  a r e  s e v e r a l  roughly  c i r c u l a r  
a r e a s  of no r e c o g n i t i o n  w i t h i n  c o r n  f i e l d  boundar ies  t h a t  were i d e n t i f i e d  a s  
weedy p a t c h e s  o r  a r e a s  of low c o r n  growth from examinat ion of t h e  c o l o r  I R  
photo .  The p r o c e s s o r  f a i l e d  t o  d e t e c t  c o r n  i n  t h e s e  a r e a s  because  t h e r e  
was l i t t l e  o r  no corn .  I f  one i s  i n t e r e s t e d  i n  e s t i m a t i n g  t h e  a c r e a g e  
p l a n t e d  i n  c o r n  by remote  s e n s i n g  means, some account  w i l l  have t o  be  made 
of a r e a s  w i t h i n  c o r n  f i e l d s  which do n o t  c o n t a i n  corn.  Per  f i e l d  c l a s -  
s i f i c a t i o n  i s  one p o s s i b l e  s o l u t i o n  t o  t h i s  problem. 
QUANTITATIVE ASPECTS 
Shown i n  F i g u r e  11 i s  a  l i s t  of i n v e s t i g a t o r s  we' have c o l l a b o r a t e d  w i t h  
t h i s  y e a r ,  t h e i r  a f f i l i a t i o n ,  and t h e  g e n e r a l  n a t u r e  of t h e  problems inves -  
t i g a t e d .  The l i s t  i s  q u i t e  v a r i e d  and i n d i c a t e s  t h e  general .  i n t e r e s t  i n  
m u l t i s p e c t r a l  d a t a  c o l l e c t i o n  and p r o c e s s i n g  w i t h i n  t h e  u s e r  community. 
Shown i n  F i g u r e s  1 2  and 1 3  a r e  t h e  numbers of each of t h e  Type I and Type 
I1 p r o c e s s i n g  j o b s  performed. A c o n s i d e r a b l e  amount of b o t h  d i g i t a l  and 
SPARC a n a l y s i s  work was accomplished.  A g r e a t  m a j o r i t y  of t h e  102 SPARC 
j o b s  completed las t  y e a r  were f o r  t h e  c o r n  b l i g h t  watch exper iment ,  b u t  
SPARC maps were a l s o  p repared  f o r  o t h e r  i n v e s t i g a t o r s .  
CONCLUSIONS 
The f i r s t  semi -opera t iona l  test of m u l t i s p e c t r a l  d a t a  c o l l e c t i o n  and 
p r o c e s s i n g  t e c h n i q u e s  was conducted t h i s  year--Corn B l i g h t  Watch Experiment.  
From t h i s  v a l u a b l e  e x p e r i e n c e ,  as w e l l  a s  work w i t h  o t h e r  i n v e s t i g a t o r s ,  we 
draw some c o n c l u s i o n s  and make recommendations f o r  t h e  c o u r s e  of f u t u r e  
r e s e a r c h .  
We have demonstra ted t h a t  m u l t i s p e c t r a l  d a t a  p r o c e s s i n g  can  s o l v e  a 
number of impor tan t  and r e l e v a n t  problems under  r e s t r i c t e d  d a t a  c o l l e c t i o n  
c o n d i t i o n s  and w i t h  few c o n s t r a i n t s  on p r o c e s s i n g  time. Because t h e  inves-  
t i g a t i o n s  t o  d a t e  have been p r i m a r i l y  f e a s i b i l i t y  s t u d i e s ,  no agency i s  
c u r r e n t l y  making u s e  of p rocessed  m u l t i s p e c t r a l  d a t a  i n  d e c i s i o n  making. 
To make t h i s  u s e  f e a s i b l e ,  w e  w i l l  have t o  expand proven t e c h n i q u e s  t o  
l a r g e r  d a t a  s e t s ,  p r o c e s s  t h e s e  d a t a  s e t s  more e f f i c i e n t l y ,  and i d e n t i f y  
and p r o v i d e  t h e  i n f o r m a t i o n  t h a t  d e c i s i o n  makers want. We have p r e v i o u s l y  
no ted  t h a t  t h e  s i g n a t u r e  e x t e n s i o n  problem is  c r u c i a l  t o  t h e  e x t e n s i o n  t o  
l a r g e r  d a t a  sets. A t  t h e  U n i v e r s i t y  of Michigan,  we have o b t a i n e d  some 
encouraging r e s u l t s  i n  t h i s  a r e a  ( r e p o r t e d  i n  t h i s  symposium by Nalepka) ,  
and work h e r e  shou ld  c o n t i n u e  t o  b e  v i g o r o u s l y  pursued.  Two o t h e r  a r e a s  
shou ld  a l s o  b e  considered--processor  e f f i c i e n c y  and c o s t  and post-proc- 
e s s i n g  i n £  o rmat ion  e x t r a c t i o n .  
Our Corn B l i g h t  Watch e x p e r i e n c e  h a s  t a u g h t  u s  t h a t  t h e  a i r c r a f t  i s  
a b l e  t o  g a t h e r  h i g h  q u a l i t y  d a t a  much f a s t e r  t h a n  c u r r e n t ,  r e s e a r c h  o r i e n t e d  
p r o c e s s o r s  a r e  a b l e  t o  d i g e s t  i t .  The C-47, f l y i n g  f o u r  d a y s  pe r  month, 
g e n e r a t e d  enough h i g h  q u a l i t y  d a t a  t o  keep b o t h  LARS and Michigan proc- 
e s s o r s  busy f o r  t h e  whole month. I f  t h e  p o t e n t i a l  of t h e  a i r c r a f t  and 
s p a c e c r a f t  s e n s o r s  a r e  t o  be  r e a l i z e d ,  f a s t e r  more e f f i c i e n t  p r o c e s s o r s  
w i l l  have t o  b e  b u i l t .  We s e e  t h e  h y b r i d  computer a s  such a  system. By 
d e s i g n i n g  and c o n s t r u c t i n g  such a n  improved throughput  system, r e s u l t s  can 
be  g e n e r a t e d  f a s t e r  more cheap ly .  T h i s  w i l l  b e n e f i t  b o t h  o p e r a t i o n a l  
programs and f e a s i b i l i t y  s t u d i e s .  
The g e n e r a t i o n  of p rocessed  r e s u l t s  more cheap ly  and f a s t e r  w i l l  n o t  
a l o n e  i n s u r e  t h e i r  a c c e p t a n c e  by p o t e n t i a l  d e c i s i o n  making u s e r s .  We need 
t o  c o n s i d e r  t h e  p o s t  p r o c e s s i n g  i n f o r m a t i o n  e x t r a c t i o n .  An impor tan t  s t a r t  
h a s  been made i n  t h i s  a r e a  w i t h  t h e  e x t r a c t i o n  of pond a c r e a g e  and perim- 
e t e r  s t a t i s t i c s  f o r  w i l d l i f e  managers s e t t i n g  duck h u n t i n g  limits i n  North 
Dakota. More of t h i s  e f f o r t  must b e  under taken .  One p a r t  of t h i s  a r e a  
which needs  a t t e n t i o n  i s  mensura t ion .  For some i n v e s t i g a t o r s ,  t h e  d e s i r e d  
f i n a l  o u t p u t  i s  a  map. Because of d i s t o r t i o n s  i n t r o d u c e d  i n  t h e  scanning 
p r o c e s s  and because  of a i r c r a f t  p l a t f o r m  i n s t a b i l i t i e s ,  maps of t h e  r e q u i r e d  
f i d e l i t y  have been d i f f i c u l t ,  i f  n o t  imposs ib le ,  t o  g e n e r a t e .  F u r t h e r ,  
some i n v e s t i g a t o r s  d e s i r e  a c c u r a t e  a c r e a g e  measurements of c r o p s  o r  o t h e r  
ground m a t e r i a l s .  T h i s  problem i s  l i n k e d  w i t h  t h e  problem of scanner  
c a r t o g r a p h y  because  t h e  same k i n d s  of d i s t o r t i o n s  must be  accounted f o r .  
It i s  c l e a r  t h a t  some u n i f i e d  approach t o  s e n s o r  p l a t f o r m  and p r o c e s s o r  
d e s i g n  is r e q u i r e d  t o  s o l v e  t h i s  problem most e f f i c i e n t l y .  
C o l l e c t i o n  of d a t a  from ERTS and Skylab s e n s o r s  w i l l  impose new 
demands upon e x i s t i n g  p rocess ing  f a c i l i t i e s ,  f o r  d a t a  q u a n t i t i e s  w i l l  be 
s i z a b l y  l a r g e r .  We f a c e  t h e  ERTS d a t a  w i t h  a  number of p rocess ing  t e c h n i q u e  
proven u s e f u l  f o r  p r o c e s s i n g  a i r c r a f t  d a t a .  It i s  c l e a r  t h a t  many of t h e s e  
p r o c e s s i n g  t e c h n i q u e s  w i l l  be  u s e f u l  f o r  ERTS d a t a ,  b u t  t h a t  o t h e r  proc- 
e s s i n g  t e c h n i q u e s  may be r e q u i r e d  t o  o p t i m a l l y  e x p l o i t  t h e  un ique  char-  
a c t e r i s t i c s  of t h i s  d a t a .  Some of t h e s e  t e c h n i q u e s  a r e  now under devel-  
opment a t  Michigan,  and w i l l  b e  d i s c u s s e d  i n  o t h e r  papers  i n  t h i s  s e c t i o n .  
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Ann Arbor ,  Michigan 
Gene S a f i r  
A .  E l l i n g b o e  
Michigan S t a t e  U n i v e r s i t y  
E a s t  Lans ing ,  Michigan 
INTRODUCTION 
The remote  s e n s i n g  of symptoas of p a t h o l o g i c a l  c o n d i t i o n s  i n  v e g e t a -  
t i ve  c a n o p i e s  such  a s  Sou thern  Corn Leaf B l i g h t  depends  upon a c o n s i s t e n t  
r e l a t i o n s h i p  between t h e  p a t h o l o g i c a l  symptoms and t h e  r e m o t e l y  sensed  
e f f e c t s .  The u s e  of t r a i n i n g  sets show o n l y  t h a t  i n  p a r t i c u l a r  c a s e s ,  
and a t  a  p a r t i c u l a r  t i m e ,  a  c e r t a i n  p a t h o l o g i c a l  c o n d i t i o n  o c c u r s  con- 
c u r r e n t l y  w i t h  some remote ly  sensed  e f f e c t .  There  may b e  no n e c e s s a r y  
c o n n e c t i o n  between them. The u s e  of a  m a t h e m a t i c a l  model t o  p r e d i c t  t h e  
remote ly  s e n s e d  e f f e c t  from t h e  fundamental  b i o l o g i c a l  c a u s e s  a l l o w s  one  
t o  e s t a b l i s h  t h e  expec ted  c o n s i s t e n c y  between t h e  c o n d i t i o n s  and t h e  s e n s e d  
e f f e c t s  a s  w e l l  a s  t o  p r o v i d e  i n s i g h t  l e a d i n g  t o  t h e  b e s t  r emote  s e n s i n g  
t e c h n i q u e s  t o  u s e  f o r  a  p a r t i c u l a r  a p p l i c a t i o n .  
A new method of c a l c u l a t i n g  t h e  d i r e c t i o n a l  r e f l e c t a n c e  of a  v e g e t a -  
t i v e  canopy (1) h a s  been used t o  c a l c u l a t e  t h e  d i r e c t i o n a l  s p e c t r a l  r e -  
f l e c t a n c e  of a  c o r n  canopy under  s t r e s s ,  The comparison of p r e d i c t e d  
r e f l e c t a n c e  w i t h  f i e l d  measurements i n d i c a t e  t h a t  t h e  model i s  s u f f i c i e n t l y  
a c c u r a t e  when a p p l i e d  t o  c o r n  f i e l d s  t o  w a r r a n t  t h e  u s e  of t h e  madel f o r  
a p p l i c a t i o n  t o  o t h e r  c o n d i t i o n s .  The p r e d i c t i o n  of t h e  e x p e c t e d  r e f l e c -  
t a n c e  d i f f e r e n c e s  between a  h e a l t h y  and a  b l i g h t e d  one-month o l d  c o r n  f i e l d  
i l l u s t r a t e s  t h e  a p p l i c a t i o n  t o  o t h e r  c o n d i t i o n s .  
THE CANOPY MODEL CONCEPTS 
A v e g e t a t i v e  canopy h a s  been i d e a l i z e d  bg assuming t h a t  any v e g e t a -  
t i v e  canopy,  such  a s  a n  a g r i c u l t u r a l  c r o p ,  can b e  r e p r e s e n t e d  by s e v e r a l  
l a y e r s  of uniform b u t  randomly d i s t r i b u t e d  b i o l o g i c a l  components a s  shown 
i n  F i g u r e  1. For example, a  c o r n  f i e l d  might  c o n s i s t  of t h r e e  l a y e r s ,  t h e  
top  l a y e r  c o n t a i n s  t a s s e l s ,  t h e  second l a y e r  c o n t a i n s  t h e  main body of t h e  
c o r n  p l a n t ,  and t h e  bottom l a y e r  c o n t a i n s  a  dead l e a f  r e g i o n  o r  a  b l i g h t e d  
r e g i o n .  The canopy i s  bounded on t h e  bot tom by t h e  s o i l .  
The b i o l o g i c a l  components which e x i s t  i n  t h e s e  l a y e r s  a r e  i d e a l i z e d  
a s  shown i n  F i g u r e  2 .  The h o r i z o n t a l  and v e r t i c a l  p r o j e c t i o n  of l e a v e s ,  
f o r  example, r e p l a c e  t h e a c t u a l  l e a f .  The accumula t ive  h o r i z o n t a l  pro-  
j e c t i o n  l e a d s  t o  t h e  q u a n t i t y  c a l l e d  t h e  h o r i z o n t a l  l e a f  a r e a  index  w h i l e  
t h e  accumula t ive  v e r t i c a l  p r o j e c t i o n  l e a d s  t o  a  q u a n t i t y  c a l l e d  t h e  v e r t i -  
c a l  l e a f  a r e a  index  f o r  each l a y e r .  The s p e c t r a l  p r o p e r t i e s  of t h e  p ro-  
j e c t i o n s  a r e  o b t a i n e d  from t h e  s p e c t r a l  p r o p e r t i e s  of t h e  b i o l o g i c a l  com- 
ponen ts .  These v e r t i c a l  and h o r i z o n t a l  i n d i c e s ,  t h e i r  s p e c t r a l  p r o p e r t i e s ,  
t h e  number of l a y e r s  and t h e  s o i l  r e f l e c t a n c e  p r o v i d e  a n  i d e a l i z e d  p h y s i c a l  
d e s c r i p t i o n  of t h e  v e g e t a t i v e  canopy which i s  a l l  t h a t  is  r e q u i r e d  t o  c a l -  
c u l a t e  t h e  s p e c t r a l  r e f l e c t a n c e  of t h e  canopy under any c o n d i t i o n s  of 
i l l u m i n a t i o n  and f o r  any a n g l e s  of v iew.  
VERIFICATION OF THE MODEL PREDICTION 
The s t r u c t u r e  and c o n t e n t s  of two mature  c o r n  f i e l d s  a t  Michigan S t a t e  
U n i v e r s i t y  were measured and t h e  c a l c u l a t i o n  of t h e  expec ted  d i r e c t i o n a l  
s p e c t r a l  r e f l e c t a n c e s  were made on t h e  b a s i s  of t h e s e  measurements.  Three  
sample p l a n t s  i n  each  f i e l d  were used f o r  measurements.  F i g u r e  3 shows 
t h e  summary of t h e  measurements,  F i e l d  B d a t a  i s  on t h e  l e f t  and F i e l d  G 
d a t a  i s  on t h e  r i g h t .  Each f i e l d  i s  d i v i d e d  i n t o  two l a y e r s ;  t h e  d a t a  f o r  
t h e  top  l a y e r  (number one) i s  on t h e  l e f t  and t h e  bottom l a y e r  (number two) 
i s  on t h e  r i g h t .  Each l a y e r  c o n t a i n s  a n  accumula t ive  h o r i z o n t a l  i n d e x  on 
t h e  l e f t  and a  v e r t i c a l  index  on t h e  r i g h t .  F i n a l l y ,  each i n d e x  t y p e  i s  
d i v i d e d  i n t o  t h e  s p e c t r a l  t y p e s ;  t h e  g r e e n  h e a l t h y  l e a f  m a t e r i a l  i s  shown 
i n  c r o s s  h a t c h  b a r  on t h e  l e f t ,  t h e  c h l o r o t i c  m a t e r i a l  is  shown by t h e  
c l e a r  b a r ,  t h e  n e c r o t i c  m a t e r i a l  i s  s h o ~ ~ r n  by t h e  b l a c k  b a r ,  and t h e  s t a l k  
m a t e r i a l  i s  shorm by t h e  v e r t i c a l  l i n e d  b a r .  
Both f i e l d s  a r e  Texas -male - s te r i l e  corn  w i t h  abou t  21,000 p l a n t s  p e r  
a c r e .  F i e l d  B i s  a n  u n b l i g h t e d  f i e l d  b u t  i s  under d rought  s t r e s s  which 
was t h e  p r e v a i l i n g  c o n d i t i o n  i n  s o u t h e r n  Plichigan d u r i n g  t h e  growing season  
of 1971. F i e l d  G i s  b l i g h t e d  by Southern  Corn Leaf B l i g h t  t o  a n  e s t i m a t e d  
b l i g h t  l e v e l  of 3 b u t  t h e  f i e l d  is  a l s o  under i r r i g a t i o n .  The d i f f e r e n c e  
i n  c h a r a c t e r  of t h e s e  two t y p e s  of s t r e s s  a r e  made m a n i f e s t  by t h e s e  s t r u c -  
t u r a l  measurements.  Note t h e  e x t e n s i v e  n e c r o t i c  m a t e r i a l  i n  l a y e r  two of 
f i e l d  G caused by t h e  b l i g h t .  Compare, a l s o ,  t h e  v i g o r  of l a y e r  one of 
f i e l d  G t o  l a y e r  one of f i e l d  R. T h i s  d i f f e r e n c e  i s  due t o  t h e  e f f e c t s  
of i r r i g a t i o n  i n  f i e l d  G .  
It  i s  n o t  d i f f i c u l t  t o  f o r e s e e  t h e  consequences  of t h i s  s t r u c t u r e  i n  
i n f l u e n c i n g  t h e  s p e c t r a l  r e f l e c t a n c e  of t h e  canopy. The t o p  l a y e r  w i l l  
t end  t o  be  dominant s o  t h a t  f i e l d  G w i l l  have a  s p e c t r u m ' o f  a  n e a r l y  h e a l t h y  
undroughted f i e l d  w h i l e  f i e l d  B w i l l  have a  spec t rum i n  which t h e  lower 
l a y e r  and s o i l  w i l l  c o n t r i b u t e ,  
The comparison between t h e  p r e d i c t e d  d i r e c t i o n a l  r e f l e c t a n c e  and the 
measured d i r e c t i o n a l  r e f l e c t a n c e  f o r  two p o l a r  v iewing  a n g l e s ,  OD and 45", 
a r e  shorm i n  F i g u r e  4 f o r  f i e l d  B and F i g u r e  5 f o r  f i e l d  G .  The c o r r e s -  
pondence i s  good between p r e d i c t e d  and measured s p e c t r a  i n d i c a t i n g  t h a t  
t h e  model of b i o l o g i c a l  s t r u c t u r e  and c o n t e n t  a c c o u n t s  f o r  t h e  major  c a u s e s  
o f  t h e  remote ly  sensed  e f f e c t s .  
APPLICATIONS TO HYPOTHETICAL CASES 
I n  o r d e r  t o  i l l u s t r a t e  what can b e  done w i t h  a  p r e d i c t i v e  d i r e c t i o n a l  
r e f l e c t a n c e  model,  suppose one wished t o  know what t h e  r e f l e c t a n c e  of a  
b l i g h t e d  f i e l d  of Texas -male - s te r i l e  c o r n  would b e  l i k e  one month a f t e r  
p l a n t i n g  and i n  what way t h a t  r e f l e c t a n c e  would d i f f e r  from t h e  r e f l e c t a n c e  
of a s i m i l a r  b u t  u n b l i g h t e d  f i e l d .  The p rocedure  which was fo l lowed  by t h e  
a u t h o r s  was t o  grow greenhouse samples ,  t o  make geomet r ic  measurements on 
t h e s e  p l a n t s ,  and t o  i n t r o d u c e  t h i s  d a t a  i n t o  t h e  p r e d i c t i v e  model.  Natu- 
r a l l y ,  f o r  r e a l i s t i c  r e s u l t s ,  t h e s e  sample p l a n t s  must be  grown under  such  
c o n d i t i o n s  t h a t  t h e y  w i l l  b e  p h y s i o l o g i c a l l y  e q u i v a l e n t  t o  f i e l d  grown 
p l a n t s .  
The s t r u c t u r a l  measurements of r e p r e s e n t a t i v e  p l a n t s  a t  t h e  age  of 
one  month were begun on A p r i l  5,  1971, twenty-four h o u r s  a f t e r  i n o c u l a t i o n  
w i t h  HeXmbdha~pohium vnaydi4 (Sou thern  Corn Leaf B l i g h t )  . Data  from a 
c o n t r o l  p l a n t  which remained u n i n o c u l a t e d  were  a l s o  t a k e n .  F i g u r e  6 shows 
t h e  p r o g r e s s i o n  of t h e s e  measurements a s  o b t a i n e d  on A p r i l  5 ,  9 ,  and 12 .  
The d a t a  l a b e l e d  C-2 i s  o b t a i n e d  from c o n t r o l  p l a n t  number two; t h e  d a t a  
l a b e l e d  1-2 i s  from i n o c u l a t e d  p l a n t  number two. T o t a l  l e a f  a r e a s  a r e  
p l o t t e d  t o  t h e  r i g h t  of t h e  cor responding  d a t a  g r a p h s .  The c r o s s - h a t c h  
coding i s  t h e  same as used b e f o r e  i n  F i g u r e  3 .  The v i g o r o u s  growth of t h e  
h e a l t h y  p l a n t ,  C-2, i s  i n  s h a r p  c o n t r a s t  t o  t h e  r e t a r d e d  growth of 1-2. 
Note  a l s o  t h e  change i n  t h e  r a t i o s  of h o r i z o n t a l  t o  v e r t i c a l  l e a f  a r e a s  
i n d i c a t i v e  of i m p o r t a n t  g e o m e t r i c a l  o r i e n t a t i o n  changes  of t h e  l e a v e s  i n  
1-2. 
The comparison of p r e d i c t e d  r e f l e c t a n c e s  of a  f i e l d  of C-2 and a f i e l d  
of 1-2 w i t h  21,000 p l a n t s  p e r  a c r e  i s  shown i n  F i g u r e  7 .  I n  t h e  i n f r a r e d  
r a n g e ,  t h e  d i f f e r e n c e  i n  r e f l e c t a n c e  i s  modest b u t  s i g n i f i c a n t ;  however, 
n o t i c e  t h a t  t h e  d i f f e r e n c e  due p u r e l y  t o  p o l a r  v iewing  a n g l e  i s  g r e a t e r  
t h a n  the d i f f e r e n c e  between b l i g h t  and h e a l t h y  f i e l d s .  l h i l e  b l i g h t e d  
f i e l d s  viewed a t  0' a r e  d a r k e r  than  h e a l t h y  f i e l d s  a t  t h a t  same v iewing  
a n g l e ,  t h e  b l i g h t e d  f i e l d  viewed a t  50' p o l a r  a n g l e  is  b r i g h t e r  t h a n  t h e  
downward view of h e a l t h y  f i e l d s .  Thus, a  remote s e n s i n g , s y s t e m ,  which i s  
based  upon t h e  assumption t h a t  b l i g h t e d  f i e l d s  a r e  always d a r k e r  i n  t h e  
i n f r a r e d  than  h e a l t h y  f i e l d s ,  would m i s c l a s s i f y  f i e l d s  i f  t h e  h e a l t h y  f i e l d  
were  a t  0" and t h e  b l i g h t e d  f i e l d s  were a t  50'. 
The r e f l e c t a n c e s  i n  t h e  c h l o r o p h y l l  a b s o r p t i o n  band n e a r  0.67 pm behave 
q u i t e  d i f f e r e n t l y .  I n  t h i s  band, t h e  d i f f e r e n c e  between r e f l e c t a n c e s  of 
b l i g h t e d  f i e l d s  and h e a l t h y  f i e l d s  is  g r e a t e r  t h a n  t h e  d i f f e r e n c e s  d u e  t o  
v iewing  a n g l e  s o  t h a t  one could  r e l y  upon t h e  b l i g h t e d  f i e l d s  a lways b e i n g  
b r i g h e r  t h a n  t h e  h e a l t h y  f i e l d s  by a c o n s i d e r a b l e  margin .  
A new way of c a l c u l a t i n g  t h e  d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e  of a 
v e g e t a t i v e  canopy h a s  been a p p l i e d  t o  c o r n  f i e l d s  under s t r e s s  c o n d i t i o n s .  
The p r e d i c t e d  and f i e l d  measured s p e c t r a  a r e  i n  good agreement s o  t h a t  
p r e d i c t e d  s p e c t r a  f o r  h y p o t h e t i c a l  c a s e s  can be t r u s t e d  t o  i n d i c a t e  s i g n i -  
f i c a n t  d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e  p r o p e r t i e s  which may b e  u s e f u l  i n  
a p p l y i n g  remote  s e n s i n g  t e c h n i q u e s  t o  a  v a r i e t y  of v e g e t a t i v e  c a n o p i e s  and 
a i d  i n  i n t e r p r e t i n g  t h e  r e s u l t s .  
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FIGURE 1. IDEALIZED LAYER STRUCTURE OF A 
CANOPY. Each layer  represents  a uniform mixture 
of biological elements  normally found a t  that level in 
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FIGURE 2. ORTHOGONAL PROJE CTIONS MAKING 
IDEALIZED BIOLOGICAL COMPONENTS. The hori- 
zontal projections taken together l ead '  to  a quantity 
called the horizontal leaf a r ea  index. The vertical 
projections taken together lead to a quantity called 












































































































































































































































FIGURE 4. FIELD B SPECTRAL REFLECTANCE. The predicted 
and measured directional spect ra l  reflectance of MSU corn field B 
is shown.for the day 8-24-71. The field is under drought s t r e s s .  
It contains Texas-male-steri le corn with about 21,000 plants pe r  
a c r e .  The canopy is about 2 me te r s  high. The sun is 38' f r o m  
zenith. The azimuth of view i s  160' relat ive to  the sun (azimuth 
of O0 means  sun at obse rvers  back). The calculated solid curve i s  
for  polar  view angle of O O ;  the calculated dashed curve is for  polar  
view angle of 45'. Field m e a s u r e n ~ e n t s  corresponding to the 00 
view angle a r e  designated by 0. The field measurements  for  the 
450 view angle a r e  designated by x. 
FIGURE 5. FIELD G SPECTRAL REFLECTANCE. The predicted 
and measured directional reflectance of MSU corn  field G is shown 
for day 8-13-71. The field is under i r r igat ion but a l so  under level  
3 Southern Corn Leaf Blight s t r e s s .  It contains Texas-male- 
s t e r i l e  corn,  21,000 plants p e r  a c r e  at a height of about 2 mete r s .  
The sun is 38O from zenith. The azimuth of view is 90° (at r ight 
angles to  the direction of so la r  flux). The calculated solid curve is 
for  polar view angle of 00; the calculated dashed curve is for  polar 
view angle of 450. Field measurements  corresponding to view 
angles of O0 and 450 a r e  designated by 0 and x respectively.  
Total Leaf Area,  1-2 
FIGURE 6. STRUCTURAL PROGRESSION OF GROWTH O F  YOUNG CORN. 
Two one month old corn plants,  C-2 and 1-2, were measured  beginning one 
day a f t e r  1-2 was innoculated with Southern Corn Leaf Blight, April 5,  9 ,  
and 12. C r o s s  hatched b a r s  show a r e a s  of green  healthy ma te r i a l ;  c lear  
b a r s  show a r e a s  of chlorotic ma te r i a l ,  and  black bars show a c r e s  of 
necrot ic  mater ia l .  
FIGURE 7. PREDICTED SPECTRAL REFLECTANCES O F  
YOUNG CORN. The calculations assumed a polar sun angle 
of 50°, a polar view angle of O0 (solid curves) and 50° (dashed 
curves)  and a viewing azimuth relative to  the sun of 45'. The 
smooth curves a r e  for a field of plants like C-2; the rough 
curves a r e  for  a field of plants like 1-2 8 days after innocula- 
tion. Plant density is assumed to  be 21,000 per  a c r e  on the 
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The p r a c t i c a l  u t i l i t y  o f  m u l t i s p e c t r a l  s c a n n e r  d a t a  i s  o f t e n  r e s t r i c -  
t e d  by t h e  l i m i t e d  s p a t i a l  r e s o l u t i o n  of t h e  s e n s o r  g a t h e r i n g  t h e  d a t a .  
R e s t r i c t i o n s  of t h i s  s o r t  w i l l  e x i s t  i n  t h e  d a t a  t o  b e  g a t h e r e d  by t h e  
m u l t i s p e c t r a l  s c a n n e r s  i n  t h e  ERTS-A and SKYLAB s a t e l l i t e s .  These 
s c a n n e r s  w i l l  view t h e  ground w i t h  an  i n s t a n t a n e o u s  f i e l d  of view (IFOV) 
cover ing  a ground p a t c h  about  300 f e e t  on a  s i d e .  The r a d i a t i o n  d e t e c t e d  
when s c a n n i n g  p o r t i o n s  of a  scene  c o n t a i n i n g  o b j e c t s  s m a l l e r  t h a n  t h i s  s i z e  
w i l l  b e  composed of a  m i x t u r e  of r a d i a t i o n  from a l l  o b j e c t s  w i t h i n  t h e  IFOV. 
S i m i l a r l y ,  when t h e  f i e l d  o f  view o v e r l a p s  t h e  boundary between two l a r g e r  
o b j e c t s ,  t h e  r a d i a t i o n  d e t e c t e d  w i l l  b e  a  m i x t u r e  from t h e  two o b j e c t s .  
The s i g n a l s  g e n e r a t e d  by t h e  s e n s o r  i n  b o t h  of t h e s e  c a s e s  w i l l  n o t  b e  
r e p r e s e n t a t i v e  of any one o b j e c t .  
The e f f e c t  o f  v iewing more t h a n  a  s i n g l e  o b j e c t  c l a s s  i s  i l l u s t r a t e d  
i n  F i g u r e s  1 and 2.  I n  F i g u r e  1 t h e  r e f l e c t a n c e  s p e c t r a  a r e  d e p i c t e d  f o r  
corn  and b a r e  s o i l  a s  t h e y  would appear  i n d i v i d u a l l y .  I f  t h e  s e n s o r  w a s  
t o  s i m u l t a n e o u s l y  view b o t h  c o r n  and b a r e  s o i l  t h e  e f f e c t i v e  r e f l e c t a n c e  
spectrum would b e  q u i t e  d i f f e r e n t .  Th i s  is shown i n  F i g u r e  2 f o r  t h e  
combinat ions  20% corn  - 80% b a r e  s o i l  and 50% corn  - 50% b a r e  s o i l .  These 
s p e c t r a  a r e  s imply weighted combinat ions  of t h e  p u r e  s p e c t r a  of F i g u r e  1. 
The u s e  of s t a n d a r d  m u l t i s p e c t r a l  r e c o g n i t i o n  p r o c e s s i n g  t e c h n i q u e s  
on d a t a  p o i n t s  which r e s u l t  from viewing two o r  more o b j e c t s  w i l l  l i k e l y  
r e s u l t  i n  t h e  improper c l a s s i f i c a ? i o n  of t h o s e  d a t a  p o i n t s .  Given a  
* The work r e p o r t e d  i n  t h i s  paper  w a s  suppor ted  by NASA under  Cont rac t  
NAS9-9784. 
s u f f i c i e n t  number o f  improper c l a s s i f i c a t i o n s  of t h i s  s o r t  t h e  r e s u l t s  of 
such e f f o r t s  a s  might be  a p p l i e d  i n  c rop  ac reage  d e t e r m i n a t i o n ,  f o r  example, 
would b e  g r e a t l y  i n  e r r o r .  
It might be u s e f u l ,  a t  t h i s  p o i n t ,  t o  p r o v i d e  some i d e a  of t h e  s e r i o u s -  
n e s s  of t h i s  e f f e c t .  F i g u r e  3 i l l u s t r a t e s  t h e  e f f e c t  o f  sampling and 
r e c o n s t r u c t i n g  a scene  u s i n g  a  s e n s o r  whose r e s o l u t i o n  i s  approximately  
t h e  s i z e  of t h e  s t r u c t u r e  i n  t h e  scene .  For  i l l u s t r a t i v e  purposes  t h e  
s c e n e  i s  composed of b l a c k  and w h i t e  s q u a r e s  a r r a n g e d  a s  on a  checkerboard.  
Obviously i f  t h e  r e s o l u t i o n  of t h e  s e n s o r  was s i g n i f i c a n t l y  s m a l l e r  t h a n  
t h e  dimensions  of t h e  s q u a r e ,  t h e  s c e n e  cou ld  b e  r e c o n s t r u c t e d  w i t h  v e r y  
good f i d e l i t y .  However, t h i s  w i l l  g e n e r a l l y  n o t  be  t h e  c a s e  f o r  e i t h e r  
t h e  ERTS o r  SKYLAB m u l t i s p e c t r a l  s e n s o r s .  
I n  F i g u r e  3 w e  c o n s i d e r  two s i t u a t i o n s .  One i n  which t h e  r e s o l u t i o n  
i s  one h a l f  t h a t  of t h e  s q u a r e s  and a n o t h e r  i n  which t h e  r e s o l u t i o n  
e x a c t l y  e q u a l s  t h e  s q u a r e  s i z e .  Now, i t  i s  p o s s i b l e  f o r  b o t h  t h e s e  
s i t u a t i o n s  t o  p e r f e c t l y  r e c o n s t r u c t  t h e  scene .  The p r o b a b i l i t y  o f  t h i s  
o c c u r r i n g ,  however, is  v e r y  s l i m  s i n c e  t h e  samples must be  t a k e n  o n l y  a t  
t h o s e  t imes  d u r i n g  which t h e  s e n s o r  is  viewing p o r t i o n s  of a l l  of  e i t h e r  
t h e  b l a c k  o r  t h e  w h i t e  square .  It i s  much more l i k e l y  t h a t  i n  an a t t empt  
t o  sample t h e  e n t i r e  scene ,  t h a t  i s  l e a v e  no v o i d s  between samples i n  
e i t h e r  d i r e c t i o n ,  many samples would b e  e x t r a c t e d  when t h e  s e n s o r  was 
viewing some p o r t i o n  of each o f  two o r  more a d j a c e n t  s q u a r e s .  I n  t h i s  
c a s e  t h e  s c e n e  could  n o t  a c c u r a t e l y  be  r e c o n s t r u c t e d .  
I n  t h e  lower p o r t i o n  of F i g u r e  3,  we d e p i c t  t h e  r e c o n s t r u c t i o n  of t h e  
scene  f o r  t h e  r e s o l u t i o n  b e i n g  one h a l f  t h e  s q u a r e  s i z e  ( lower  l e f t )  and 
e q u a l  t o  t h e  s q u a r e  s i z e  ( lower  r i g h t ) .  Here we c o n s i d e r  t h e  w o r s t  
s i t u a t i o n  t h a t  may e x i s t  s i n c e  we can have no a s s u r a n c e  beforehand t h a t  
t h i s  w i l l  n o t  i n  f a c t  be  t h e  c a s e  f o r  an a r b i t r a r y  s c e n e  f o r  which t h e  
sampling scheme h a s  n o t  been s p e c i f i c a l l y  des igned.  For t h e  r e s o l u t i o n  
of one h a l f  t h e  s q u a r e  s i z e ,  t h e  samples which f a l l  t o t a l l y  w i t h i n  each 
s q u a r e  f a l l  p r e c i s e l y  i n  t h e  c e n t e r  of t h e  s q u a r e s .  A l l  o t h e r  samples,  
t h e r e f o r e ,  a r e  e x t r a c t e d  when h a l f  t h e  s e n s o r  f i e l d  o f  view covers  w h i t e  
s q u a r e s  and t h e  o t h e r  h a l f  covers  b l a c k  s q u a r e s .  The s e n s o r  s i g n a l s  
genera ted  i n  t h i s  s i t u a t i o n  a r e  n o t  c h a r a c t e r i s t i c  of e i t h e r  of t h e  o b j e c t s  
i n  t h e  scene.  I n  t h i s  c a s e  t h e  use  of s t a n d a r d  au tomat ic  p r o c e s s i n g  
t e c h n i q u e s  f o r  c l a s s i f i c a t i o n  and d e t e r m i n a t i o n  o f  t h e  ground a r e a  covered 
by each of t h e  two o b j e c t s  i n  t h e  scene ,  would r e s u l t  i n  s i g n i f i c a n t  e r r o r s .  
I n  t h i s  p a r t i c u l a r  c a s e  50% of t h e  s c e n e  a r e a  would be  improper ly  c l a s -  
s i f i e d .  For t h e  s i t u a t i o n  where t h e  r e s o l u t i o n  equa led  t h e  s q u a r e  s i z e  
t h e  e r r o r  would be  100% s i n c e  n o t  a  s i n g l e  sample would b e  c l a s s i f i e d  
c o r r e c t l y .  
We have c a r r i e d  o u t  some c a l c u l a t i o n s  t o  g e t  a  f e e l i n g  f o r  how 
s e r i o u s  t h i s  problem may b e  f o r  spaceborne s e n s o r s  v iewing an i n s t a n t a n e o u s  
ground pa tch  300 f e e t  on a  s i d e .  The r e s u l t s  of the .  c a l c u l a t i o n s  a r e  p l o t -  
t e d  i n  F i g u r e  4 which i l l u s t r a t e s  t h e  e f f e c t  of f i e l d  a r e a  and shape  on 
t h e  m u l t i s p e c t r a l  t r a i n i n g  and c l a s s i f i c a t i o n  o p e r a t i o n s .  J u s t  a s  b e f o r e  
we c o n s i d e r  f i e l d s  which a r e  s q u a r e  i n  shape,  however i n  a d d i t i o n ,  w e  a l s o  
c o n s i d e r  r e c t a n g u l a r  f i e l d s .  The dimensions of b o t h  s q u a r e  and r e c t a n g u l a r  
f i e l d s  a r e  i n t e g r a l  m u l t i p l e s  of 300 f e e t  and a l l  sampled a r e a s  which occur  
a t  f i e l d  boundar ies  a r e  assumed t o  f a l l  one h a l f  ( a t  t h e  c o r n e r s  t h i s  is  
t h r e e  q u a r t e r s )  o u t s i d e  t h e  f i e l d .  For t h e  r e c t a n g u l a r  f i e l d s  t h e  s m a l l  
dimension i s  l i m i t e d  t o  600 f e e t .  Square f i e l d s  and r e c t a n g u l a r  f i e l d s  of 
t h i s  s o r t  d e f i n e  t h e  l i m i t i n g  c o n d i t i o n s  ( b e s t  and w o r s t )  f o r  r e g u l a r l y  
shaped a r e a s .  
Two p a i r s  of curves  a r e  p l o t t e d  i n  F i g u r e  4. The curves  d e p i c t e d  a s  
dashed l i n e s  r e l a t e  t h e  number o f  a c r e s  i n  a  f i e l d  t o  t h e  number of 305 
by 300 f o o t  e lements  t o t a l l y  w i t h i n  t h e  f i e l d .  Th i s  r e l a t i o n s h i p  i s  
s i g n i f i c a n t  when c o n s i d e r i n g  t h e  requ i rements  f o r  t r a i n i n g  a  r e c o g n i t i o n  
computer. The number of samples g e n e r a l l y  cons idered  n e c e s s a r y  f o r  an  
adequa te  d e t e r m i n a t i o n  of t h e  s t a t i s t i c s  d e f i n i n g  a  m u l t i s p e c t r a l  s igna-  
t u r e  i s  t e n  t imes  t h e  number o f  s p e c t r a l  channe l s  b e i n g  u t i l i z e d .  I f  
t h e  f o u r  ERTS channe l s  were c o n s i d e r e d ,  a  minimum of 40 r e p r e s e n t a t i v e  
samples would be  r e q u i r e d .  To a s s u r e  t h i s  number of samples i n  a  s i n g l e  
f i e l d  would r e q u i r e  a  s q u a r e  f i e l d  of a t  l e a s t  110 a c r e s  and a  2 x  n  
e lement  r e c t a n g u l a r  f i e l d  o f  170 a c r e s  o r  s o .  
I f ,  however, t r a i n i n g  of t h e  computer had a l r e a d y  been accomplished,  
i t  would be  d e s i r a b l e  t o  know what e r r o r s  might b e  expec ted  i n  automat i -  
c a l l y  d e t e r m i n i n g  t h e  a r e a  covered by a  s e l e c t e d  s e t  of o b j e c t  c l a s s e s .  
Th i s  i n f o r m a t i o n  i s  a l s o  p l o t t e d  i n  F i g u r e  4 .  The c u r v e s  d e p i c t e d  a s  
s o l i d  l i n e s  r e l a t e  t h e  number of 300 by 300 f o o t  e lements  i n  t h e  f i e l d  
t o  t h e  p e r c e n t a g e  of t h e  f i e l d  a r e a  which i s  seen  i n  combinat ion w i t h  
p o r t i o n s  of a d j o i n i n g  f i e l d s .  It  i s  t h i s  a r e a  which would p robab ly  b e  
c l a s s i f i e d  i n c o r r e c t l y  and produce t h e  e r r o r s  i n  a r e a  computed. For  t h e  
110 a c r e  s q u a r e  f i e l d  d e s c r i b e d  b e f o r e ,  40 e lements  were t o t a l l y  w i t h i n  
t h e  f i e l d  and a 25% e r r o r  i n  t h e  d e t e r m i n a t i o n  of t h e  a r e a  of t h a t  f i e l d  
could  b e  expec ted .  A 51% e r r o r  i n  t h e  a r e a  of t h e  170 a c r e  r e c t a n g u l a r  
f i e l d  cou ld  b e  expec ted .  
Not on ly  a r e  t h e s e  e r r o r s  of s i g n i f i c a n t  s i z e ,  b u t  i f  one i s  consi -  
d e r i n g  c a r r y i n g  o u t  a g r i c u l t u r a l  s u r v e y s ,  t h e  f i e l d  s i z e s  c o n s i d e r e d  
above a r e  somewhat l a r g e r  t h a n  i s  t y p i c a l  i n  many a g r i c u l t u r a l  a r e a s .  
A s  shown i n  F i g u r e  4 l a r g e r  e r r o r s  would r e s u l t  f o r  s m a l l e r  f i e l d s .  
I n  o r d e r  t o  r educe  t h e  r e s t r i c t i o n s  on t h e  u t i l i t y  o f  r emote ly  sensed  
m u l t i s p e c t r a l  d a t a ,  p e r s o n n e l  of  t h e  Willow Run L a b o r a t o r i e s  have  been 
conduc t ing  t h e o r e t i c a l  s t u d i e s  t o  deve lop  s p e c i a l  p r o c e s s i n g  and informa- 
t i o n  e x t r a c t i o n  t e c h n i q u e s  which w i l l  e n a b l e  t h e  a c c u r a t e  and t i m e l y  
e s t i m a t i o n  o f  t h e  p r o p o r t i o n s  o f  o b j e c t s  and m a t e r i a l s  a p p e a r i n g  w i t h i n  
t h e  IFOV o f  a  remote m u l t i s p e c t r a l  s e n s i n g  d e v i c e .  
It i s  t h e  f a c t  t h a t  t h e  r a d i a t i o n  emanating from each s c e n e  e lement  
i s  d e t e c t e d  s i m u l t a n e o u s l y  i n  s e v e r a l  s p e c t r a l  bands which o f f e r s  t h e  
p o s s i b i l i t y  f o r  c l a s s i f y i n g  and e s t i m a t i n g  t h e  p r o p o r t i o n s  o f  s p a t i a l l y  
unreso lved  o b j e c t s .  The model t h a t  we have used t o  d e s c r i b e  t h e  s i g n a t u r e  
g e n e r a t e d  i n  v iewing a  m i x t u r e  o f  o b j e c t s  i s  a s  f o l l o w s :  
where t h e  s i g n a t u r e  o f  Type i m a t e r i a l  is  a  Gauss ian d i s t r i b u t i o n  w i t h  
mean A and c o v a r i a n c e  m a t r i x  M and t h e  p r o p o r t i o n  of Type i m a t e r i a l  i s  i X .  i i 
A s  l o n g  a s  t h e  r a d i a t i o n  s p e c t r a  g e n e r a t e d  by o b j e c t s  w i t h i n  t h e  I F O V  
a r e  l i n e a r l y  independen t ,  i . e . ,  a  unique r a d i a t i o n  spect rum r e s u l t s  f o r  
each  combinat ion of  o b j e c t s ,  a  s a t i s f a c t o r y  s o l u t i o n  w i l l  u s u a l l y  b e  
p o s s i b l e .  T h i s  r equ i rement  i s  somewhat more l i m i t i n g  t h a n  t h a t  imposed 
f o r  s t a n d a r d  r e c o g n i t i o n  p r o c e s s i n g .  I n  F i g u r e  5 we i l l u s t r a t e  two 
s e p a r a t e  p l o t s  o f  t h e  means and d i s t r i b u t i o n  c o n t o u r s  ( s i g n a t u r e s )  of  
t h r e e  o b j e c t s  as- s e e n  i n  two s p e c t r a l  bands .  I n  each  c a s e  t h e  s i g n a t u r e s  
of  t h e  t h r e e  o b j e c t s  a r e  s u f f i c i e n t l y  s e p a r a t e  s o  t h a t  i f  any one o f  them 
was viewed i n  i t s  p u r e  s t a t e  i t  cou ld  e a s i l y  and p r o p e r l y  b e  c l a s s i f i e d .  
For  t h e  c a s e  d e p i c t e d  i n  t h e  upper  p o r t i o n  o f  t h e  f i g u r e ,  combinat ions  o f  
t h e  t h r e e  o b j e c t s  would produce p o i n t s  g e n e r a l l y  f a l l i n g  w i t h i n  t h e  
t r i a n g l e  and u s i n g  t h e  s p e c i a l l y  developed t e c h n i q u e s  t h e  p r o p o r t i o n s  of  
t h e s e  o b j e c t s  cou ld  b e  determined.  The lower  p o r t i o n  o f  t h e  f i g u r e ,  how- 
e v e r ,  d e p i c t s  a  s i t u a t i o n  where t h e  pure  s i g n a t u r e  f o r  o b j e c t  A e x h i b i t s  
c h a r a c t e r i s t i c s  v e r y  s i m i l a r  t o  a  combinat ion o f  t h e  o t h e r  two o b j e c t s .  
I n  t h i s  c a s e  t h e  p r o p o r t i o n s  of  a  m i x t u r e  o f  t h e s e  o b j e c t s  cou ld  n o t  b e  
a c c u r a t e l y  de te rmined .  Although a l l  p o s s i b l e  s e t s  of  o b j e c t s  and m a t e r i a l s  
of  i n t e r e s t  may n o t  meet t h e  requ i rements  f o r  l i n e a r  independence,  i t  i s  
b e l i e v e d  t h a t  t h e  requ i rements  a r e  met o f t e n  enough t o  make t h e  s o l u t i o n s  
now b e i n g  i n v e s t i g a t e d  p o t e n t i a l l y  v e r y  u s e f u l .  
During t h e  l a s t  y e a r  o u r  p r imary  e f f o r t s  have been d i r e c t e d  towards  
s e a r c h i n g  f o r  computa t iona l  a l g o r i t h m s  which could  b o t h  e f f i c i e n t l y  and 
a c c u r a t e l y  e s t i m a t e  t h e  p r o p o r t i o n s  of  m i x t u r e s  of  o b j e c t s .  Three  
p o t e n t i a l l y  u s e f u l  a l g o r i t h m s  were  l o c a t e d ,  implemented v i a  d i g i t a l  
computer programs, and t e s t e d .  I n  o r d e r  t o  p r o v i d e  t h e  c o n t r o l  n e c e s s a r y  
f o r  t h e  p r o p e r  t e s t i n g  o f  t h e s e  a l g o r i t h m s  a l l  t e s t s  were c a r r i e d  o u t  
u s i n g  a r t i f i c i a l l y  g e n e r a t e d  m i x t u r e s .  I n  some c a s e s  t h e  p u r e  s i g n a t u r e s  
used t o  g e n e r a t e  t h e  a r t i f i c i a l  m i x t u r e s  were e x t r a c t e d  from d a t a  g a t h e r e d  
by The U n i v e r s i t y  of Michigan m u l t i s p e c t r a l  s c a n n e r  w h i l e  i n  o t h e r  s i t u a -  
t i o n s  t o t a l l y  a r t i f i c i a l  s i g n a t u r e  s e t s  were c o n s t r u c t e d .  
The l a t t e r  was t h e  c a s e  when t e s t s  were run  t o  compare t h e  p r o c e s s i n g  
t ime  of t h e  t h r e e  computa t iona l  methods a s  a  f u n c t i o n  o f  t h e  number of 
s i g n a t u r e s  employed. Here t h e  pure  s i g n a t u r e s  were  a r r a n g e d  t o  form a  
symmetric s e t  e x h i b i t i n g  i d e n t i t y  c o v a r i a n c e  m a t r i c e s  and s e p a r a t e d  from 
each o t h e r  by a  u n i t  d i s t a n c e .  Two sets of  100 d a t a  p o i n t s  were  g e n e r a t e d .  
One set was d i s t r i b u t e d  normal ly  about t h e  c e n t r o i d  o f  t h e  s i g n a t u r e s  ( t h e  
e q u a l  p r o p o r t i o n  s i t u a t i o n )  w h i l e  t h e  o t h e r  s e t  was s i m i l a r l y  d i s t r i b u t e d  
about  one of t h e  s i g n a t u r e  means. 
I n  F i g u r e  6  we s e e  t h a t  t h e  computat ion t i m e  i s  a  f u n c t i o n  of t h e  
l o c a t i o n  o f  t h e  d a t a  p o i n t s  w i t h  r e s p e c t  t o  t h e  p u r e  s i g n a t u r e s  f o r  a l l  
t h r e e  methods cons idered .  For two of t h e  t h r e e  methods ( t h e  F and t h e  C 
methods) t h e  computat ion t ime  r e q u i r e d  f o r  d a t a  p o i n t s  a t  o r  n e a r  t h e  
c e n t r o i d  exceeds  t h a t  f o r  p o i n t s  a t  o r  n e a r  t h e  v e r t e x .  The o p p o s i t e  i s  
t r u e  f o r  t h e  T  method. These d i f f e r e n c e s  a r e  a  r e s u l t  of d i f f e r e n c e s  i n  
t h e  manner i n  which p r o p o r t i o n s  a r e  e s t i m a t e d  i n  each method. 
It  i s  c l e a r  t h a t  a s  t h e  number o f  s i g n a t u r e s  i n c r e a s e s  t h e  computa- 
t i o n  t i m e  a l s o  i n c r e a s e s .  The b e s t  o v e r a l l  method seems t o  b e  t h e  C 
method. However, f o r  s m a l l  numbers of s i g n a t u r e s  and d a t a  p o i n t s  n e a r  
t h e  c e n t r o i d  t h e  T  method would do j u s t  a s  w e l l .  A s  i l l u s t r a t e d  i n  
F i g u r e  6 ,  t h e  computat ion of p r o p o r t i o n s  f o r  each  d a t a  p o i n t  i s  a  
r e l a t i v e l y  t ime  consuming t a s k .  The t ime  r e q u i r e d  i s  approx imate ly  an  
o r d e r  o f  magnitude g r e a t e r  t h a n  s t a n d a r d  p r o c e s s i n g  and f o u r  o r d e r s  o f  
magnitude g r e a t e r  t h a n  d a t a  c o l l e c t i o n .  Some r e d u c t i o n s  i n  p r o c e s s i n g  
t ime  could  b e  ach ieved  by u t i l i z i n g  l a r g e r  and more up t o  d a t e  computer 
f a c i l i t i e s  b u t  s t i l l  t h e  t i m e  r e q u i r e d  would b e  s i g n i f i c a n t .  
I n  many a p p l i c a t i o n s ,  p r o p o r t i o n s  f o r  each d a t a  p o i n t  may n o t  b e  
r e q u i r e d .  For  t h e s e  c a s e s  a r e d u c t i o n  i n  computat ion t ime  can b e  ach ieved  
by a v e r a g i n g  many d a t a  p o i n t s  and t h e n  c a r r y i n g  o u t  a  s i n g l e  computat ion 
of t h e  p r o p o r t i o n s  of t h e  o b j e c t s  a p p e a r i n g  i n  t h e  e n t i r e  r e g i o n  which 
was averaged.  T h i s  approach i s  n o t  on ly  much f a s t e r  b u t  i t  a l s o  p r o v i d e s  
t h e  p o s s i b i l i t y  f o r  improved accuracy .  Improved accuracy  might  r e s u l t  
s i n c e  a v e r a g i n g  would reduce  t h e  e f f e c t  of t h e  v a r i a b i l i t y  of s e n s o r  
s i g n a l s  due t o  t h e  n a t u r a l  v a r i a t i o n  of t h e  r a d i a t i o n  r e c e i v e d  from any 
o b j e c t  c l a s s  i n  t h e  scene .  I n  a d d i t i o n ,  t h e  e f f e c t s  o f  random n o i s e  
would b e  reduced.  
I n  o r d e r  t o  t e s t  t h e  a v e r a g i n g  approach,  s i g n a t u r e s  f o r  b a r e  s o i l ,  
weeds, a l f a l f a ,  and b a r l e y  were  e x t r a c t e d  from m u l t i s p e c t r a l  s c a n n e r  d a t a  
g a t h e r e d  by The U n i v e r s i t y  of  Michigan.  A t o t a l  o f  400 d a t a  p o i n t s  were  
g e n e r a t e d  w i t h  each set of 100 b e i n g  normal ly  d i s t r i b u t e d  about  t h e  mean 
of  a r t i f i c i a l  m i x t u r e s  i n d i c a t e d  i n  columns 2-5 of Tab le  I. These 400 
d a t a  p o i n t s  were averaged and an e s t i m a t e  o f  t h e  p r o p o r t i o n s  f o r  t h e  
s i n g l e  average  d a t a  p o i n t  was computed. The r e s u l t s  of t h e  computat ion 
a r e  g i v e n  i n  column 7 .  Upon comparison w i t h  t h e  average  of t h e  s p e c i f i e d  
p r o p o r t i o n s  shown i n  column 6 i t  i s  obv ious  t h a t  t h e  e s t i m a t e d  p r o p o r t i o n s  
a r e  q u i t e  a c c u r a t e ,  e x h i b i t i n g  a  maximum e r r o r  o f  1 .5%.  
We a r e  now p r e p a r i n g  t o  a p p l y  t h e s e  p r o p o r t i o n  e s t i m a t i o n  t e c h n i q u e s  
t o  r e a l  d a t a  t o  i d e n t i f y  any unforeseen  problems which may a r i s e  i n  
o p e r a t i n g  on r e a l  d a t a  s e t s ,  t o  r e f i n e  o r  modify t h e  approach t o  overcome 
t h e s e  problems, and t o  p r o v i d e  a  more r e a l i s t i c  demons t ra t ion  o f  t h e  
p o t e n t i a l  of  t h e s e  t e c h n i q u e s .  
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FIGURE 3 .  EFFECT O F  SAMPLING AND RECONSTRUCT- 
ING A SCENE WITH OPTICAL RESOLUTION APPROACH- 


























































































































































(a) Signature Simplex with Unit Contour 
Ellipsoids 
(b) Nearly Degenerate Signature Configuration 
FIGURE 5. GEOMETRIC CONFIGURATION FOR THREE SIGNATURES 









































































EXPERIMENTAL METHODS FOR GEOLOGICAL REMOTE SENSING pya - a $3'3 
Ro-bert K .  Vincent  
. 
The U n i v e r s i t y  of-.Michigan 
Willow Run L a b o r a t o r i e s  
Ann Arbor ,  Michigan 
INTRODUCTION 
A t  Willow Run L a b o r a t o r i e s  i n  1970, under NASA C o n t r a c t  9-9784, a  two 
channel  ana log  r a t i o  t e c h n i q u e  i n  t h e  thermal  I R  wavelength  r e g i o n  f o r  map- 
p ing  g r o s s  compos i t iona l  v a r i a t i o n s  i n  s i l i c a t e  rocks  was developed which 
~ u c c e s s f u l l y  produced a u t o m a t i c  r a t i o  r e c o g n i t i o n  maps of q u a r t z  sand and 
sands tone  n e a r  t h e  M i l l  Creek,  Oklahoma sand q u a r r y .  I n  t h e  r e p o r t  which 
d e s c r i b e s  t h a t  e f f o r t  [ I ] ,  a  t h r e e  channel  I R  t echn ique  w a s  hypo thes ized  
f o r  a  more r e f i n e d  v e r s i o n  of t h i s  r a t i o  method, whereby t h e  t h i r d  channel  
i s  used f o r  c o r r e c t i o n  of t empera tu re  v a r i a t i o n s  a c r o s s  t h e  t a r g e t  s c e n e .  
I t  was a l s o  hypothes ized  t h a t  t h e  r e s u l t i n g  t empera tu re -cor rec ted  r a t i o s  
would be a t  l e a s t  c r u d e l y  c o r r e l a t e d  w i t h  S i 0 2  c o n t e n t  of t h e  g e o l o g i c a l  
t a r g e t s  encounte red .  
During 1971,  t h e  s t a t e - o f - t h e - a r t  of g e o l o g i c a l  remote s e n s i n g  was 
f u r t h e r  advanced by t h e  p r o c e s s i n g  of d a t a  from an a i r c r a f t  f l i g h t  over  
P i sgah  C r a t e r ,  C a l i f o r n i a .  There  a r e  f o u r  major r e s u l t s  from t h e  P i s g a h  
C r a t e r  d a t a .  F i r s t ,  t h e  two-channel the rmal  I R  ana log  r a t i o  method from 
l a s t  y e a r  h a s  been s u c c e s s f u l l y  used t o  map r e l a t i v e  d i f f e r e n c e s  among var -  
i o u s  s i l i c a t e  rock  t y p e s .  Secondly,  t h e  th ree -channe l  the rmal  IR tech-  
n i q u e ,  hypo thes ized  l a s t  y e a r ,  h a s  been implemented s u c c e s s f u l l y  t o  make 
d i g i t a l  t empera tu re -cor rec ted  r a t i o  maps which a r e  more s e n s i t i v e  than  t h e  
two-channel r a t i o  maps t o  t r u e  compos i t iona l  v a r i a t i o n s  i n  g e o l o g i c a l  t a r -  
g e t s .  T h i r d l y ,  a  new techn ique  i n v o l v i n g  t h e  r a t i o  of r a d i a n c e s  i n  v i s i b l e  
g reen  t o  r e f l e c t i v e  I R  channe l s  h a s  been t h e o r i z e d  and q u a l i t a t i v e l y  t e s t e d  
f o r  t h e  purpose  of mapping v a r i a t i o n s  i n  i r o n  o x i d e s  on t h e  s u r f a c e s  of 
exposed r o c k s .  
The P i s g a h  C r a t e r  a r e a  i n  San Bernardino County was chosen a s  a  test  
s i t e  f o r  t h r e e  r e a s o n s :  t h e r e  a r e  many s i l i c a t e  rock  types  i n  c l o s e  prox- 
i m i t y ,  t h e  s e m i a r r i d  t e r r a i n  i s  v e r y  s p a r s e l y  v e g e t a t e d ,  and c o n s i d e r a b l e  
ground t r u t h  d a t a  was a l r e a d y  a v a i l a b l e  about  t h e  a r e a  from o t h e r  r e p o r t s  
and g e o l o g i c  maps [ 2 , 3 ] .  The f l i g h t  took p l a c e  on 30 October  1971 between 
0800 (approx imate ly  1 hour  a f t e r  s u n r i s e )  and 0840 h o u r s ,  l o c a l  t i m e ,  a t  
above-ground a l t i t u d e s  of 500 f t  and 3000 f t .  Only t h e  3000 f t  d a t a  was 
p rocessed  through t o  t h e  f i n a l  s t a g e s  because  of monetary l i m i t a t i o n s .  The 
morning was c l e a r ,  w i t h  r e l a t i v e  humidi ty  l e s s  t h a n  25% and a  ground-level  
a i r  t empera tu re  of approx imate ly  5 ' ~ .  Th i s  t ime of day was chosen because  
t e m p e r a t u r e  v a r i a t i o n s  a c r o s s  t h e  s c e n e  due t o  compos i t iona l  e f f e c t s  ( a l b e -  
do ,  the rmal  c o n d u c t i v i t y ,  e t c . )  were s m a l l ,  y e t  enough s o l a r  i l l u m i n a t i o n  
was a v a i l a b l e  f o r  v i s i b l e  and r e f l e c t i v e  I R  d a t a  c o l l e c t i o n .  
D r .  L a r r y  C .  Rowan, a  U .  S .  G e o l o g i c a l  Survey g e o l o g i s t  from t h e  
Reg iona l  Geophysics O f f i c e  i n  Denver,  and Ben Drake,  a  geology Ph.D. cand i -  
d a t e  a t  The U n i v e r s i t y  of  Michigan,  g r e a t l y  a s s i s t e d  t h e  a u t h o r  i n  f i e l d  
check ing  t h e s e  images .  
DESCXIPTION OF APPARATUS AND METHOD OF ANALYSIS 
The d a t a  were  c o l l e c t e d  by The U n i v e r s i t y  of Michigan m u l t i s p e c t r a l  
s c a n n e r  (4) and a  Honeywell two-element Hg:Cd:Te d e t e c t o r  f i l t e r e d  (5 )  t o  
t h e  approximate  10% c u t o f f  p o i n t s  of  8 .2  ym - 10 .9  pm and 9 .4  pm - 1 2 . 1  pm, 
which w i l l  b e  c a l l e d  c h a n n e l s  1 and 2 ,  r e s p e c t i v e l y ,  aboard  t h e  u n i v e r s i t y ' s  
C-47 a i r c r a f t .  The two methods of  a n a l y s i s  f o r  t h e  t h e r m a l  I R  d a t a  a r e  
d e s c r i b e d  i n  r e f e r e n c e s  1 and 5 .  B r i e f l y ,  i n  t h e  f i r s t  method, t h e  r a t i o  
of r a d i a n c e s  i n  channe l  1 t o  channe l  2  was made t h e  " s i g n a l "  t o  t h e  Uni- 
v e r s i t y ' s  a n a l o g  computer.  The r e s u l t i n g  " r a t i o  images" a r e  b r i g h t  where 
t h i s  R  r a t i o  i s  h i g h  and d a r k  where R12 i s  low. S i l i c a t e  r o c k s  d i s p l a y  12  
v a r i o u s  s p e c t r a l  e m i t t a n c e  minima i n  t h e  8 pm - 1 4  pm r e g i o n ,  caused by 
r e s t s t r a h l e n  bands (molecu la r  v i b r a t i o n a l  modes).  G e n e r a l l y  s p e a k i n g ,  f e l -  
s i c  ( s i l i c a - r i c h )  rocks  t e n d  t o  have s p e c t r a l  e m i t t a n c e  minima a t  s h o r t e r  
wavelengths  than  maf ic  ( s i l i c a - p o o r )  r o c k s .  Hence, t h e r e  i s  a  tendency 
f o r  t h e  RI2 r a t i o  t o  b e  lower f o r  f e l s i c  rocks  (dark  i n  t h e  r a t i o  image) 
than  f o r  m a f i c  r o c k s  ( b r i g h t  i n  t h e  r a t i o  image) .  
The second t h e r m a l  I R  method i n v o l v e s  t h e  c o r r e c t i o n  of  R12 f o r  temp- 
e r a t u r e  v a r i a t i o n s  a c r o s s  t h e  s c e n e .  The s p e c t r a l  e m i t t a n c e  of  t h e  geolog-  
i c  t a r g e t  i n  a  channe l  3 (11.4  ym - 1 4 . 4  pm a t  15X p o i n t s )  i s  assumed t o  
b e  a  c o n s t a n t  v a l u e  f o r  a l l  s i l i c a t e s ,  which i s  a  r e a s o n a b l y  good assump- 
t i o n  i n  t h a t  wavelength  r e g i o n .  From t h e  channe l  3 r a d i a n c e ,  t h e  r o c k  
t e m p e r a t u r e  i s  de te rmined  ( w i t h i n  50K), and a  r a t i o  c o r r e c t i o n  f a c t o r ,  Rg ' 
i s  c a l c u l a t e d .  The R12 r a t i o  i s  then  c o r r e c t e d  f o r  t e m p e r a t u r e  v a r i a t i o n s  
a c r o s s  t h e  s c e n e  t o  y i e l d  t h e  t e m p e r a t u r e - c o r r e c t e d  r a t i o  
T h i s  th ree -channe l  scheme is  done d i g i t a l l y .  L a b o r a t o r y  e m i t t a n c e  s p e c t r a  
and a  t h e o r e t i c a l  a tmospher ic  model a r e  t h e n  used t o  c a l c u l a t e  expec ted  R  
r a t i o s  f o r  v a r i o u s  rock  t y p e s .  The measured v a l u e s  of  R from t h e  s c a n n e r  
d a t a  can b e  compared w i t h  t h e s e  t h e o r e t i c a l  v a l u e s  t o  d e t e r m i n e  broad c l a s -  
s i f i c a t i o n s  of  r o c k  t y p e .  A s i m p l e r  two-channel scheme f o r  t e m p e r a t u r e  
c o r r e c t i o n ,  which h a s  proved q u a l i t a t i v e l y  s u c c e s s f u 1 , w i l l  b e  implemented 
q u a n t i t a t i v e l y  d u r i n g  t h e  coming y e a r .  
The method f o r  t h e  v i s i b l e - r e f l e c t i v e  I R  r a t i o  images i n v o l v e s  a  sim- 
p l e  r a t i o  of  r a d i a n c e s  i n  channe l  5  (0 .50  pm - 0.52 um) t o  channe l  7 (0 .74 
ym - 0.85 pm). E l e c t r o n i c  t r a n s i t i o n s  of i r o n  o x i d e s  produce a r e l a t i v e l y  
l a r g e  r i s e  i n  s p e c t r a l  r e f l e c t a n c e  from 0 . 5  um t o  .80 pm, compared w i t h  
l e s s e r  o r  no r i s e  i n  s p e c t r a l  r e f l e c t a n c e  over  t h e  same s p e c t r a l  r e g i o n  f o r  
f e l s i c  rocks ,and w i t h  a  drop i n  r e f l e c t a n c e  f o r  unoxid ized  maf ic  r o c k s .  
Thus, g e n e r a l l y  s p e a k i n g ,  i r o n  o x i d e s  appear  d a r k ,  f e l s i c  rocks  appear  a  
medium gray  t o n e ,  and unoxid ized  maf ic  rocks  appear  b r i g h t  on t h e  R r a t i o  
image. 5  7 
RESULTS AND DISCUSSION 
A demons t ra t ion  of t h e  two-channel I R  r a t i o  method i s  g iven  i n  f i g u r e  
1, which shows from top  t o  bot tom t h e  ana log  images of channel  1 (8 .2  u m  - 
1 0 . 9  ym), channel  2  (9 .4  pm - 1 2 . 1  ym), and R12 ( t h e  r a t i o  of r a d i a n c e s  i n  
t h e  two channe l s )  f o r  s e c t i o n  2A of t h e  P i s g a h  d a t a .  T h i s  is a  r e g i o n  
approx imate ly  5  m i l e s  s o u t h - s o u t h e a s t  of P i s g a h  C r a t e r .  North i s  t o  t h e  
top  of t h e  images.  The r a t i o  image shows e m i t t a n c e  v a r i a t i o n s  which a r e  
i n d i c a t i v e  of rock t y p e  d i f f e r e n c e s .  The f e l s i c  mountains (D)  and a l l u -  
vium (A) appear  d a r k e r  than  t h e  maf ic  l a v a  (LA), and t h e  p l a y a  m a t e r i a l  i s  
c o n t r a s t e d  s h a r p l y  a g a i n s t  t h e  a l luv ium.  The t o p o g r a p h i c a l l y  h i g h e r  d a c i -  
t i c  mountains (D) a r e  warmer t h a n  o t h e r  p a r t s  of t h e  s c e n e ,  which makes 
t h e  r a t i o  f o r  t h a t  r e g i o n  h i g h e r  t h a n  i t  shou ld  be  on t h e  s o l e  b a s i s  of 
r e s t s t r a h l e n  p o s i t i o n .  The pa tchy  appearance  of t h e  p l a y a  i s  p r i m a r i l y  
caused by e m i t t a n c e  v a r i a t i o n s ,  because  t h e  g ray  l e v e l  of t h e  s i n g l e  chan- 
n e l  images a r e  a lmos t  uniform a c r o s s  t h e  f l o o r  of L a v i c  Lake,  of which 
t h i s  i s  a  p a r t .  The most importent:  f a c t  &bout t h i s  f i g u r e ,  toxaever, i s  
that: f e l s i c  and n a f i c  l i t h o l . o g i c a 1  uni . t s  a.re d e a r l y  d i s c r i m i n a t e d  i n  t h e  
r > L t i o  image. 
The th ree -channe l  I R  t e c h n i q u e  c o r r e c t s  t h e  R r a t i o  f o r  t empera tu re  12 
v a r i a t i o n s  a c r o s s  t h e  scene  v i a  e q u a t i o n  ( 1 ) .  It 1s demonstra ted by t h e  
d i g i t a l  r a t i o  map i n  f i g u r e  2 ,  which i n c l u d e s  a lmos t  a l l  of t h e  r e g i o n  
shown i n  f i g u r e  1. The r a t i o  R from e q u a t i o n  (1) i s  d i v i d e d  i n t o  t h e  f o l -  
lowing 5 l e v e l s :  
L e v e l  1 R 5 .969 
Leve l  2  .969 < R I .973 
L e v e l  3 .973 < R 5 .981 
Leve l  4 .981 < R ,992 
Leve l  5 .992 < R 
The lowest  r ecorded  R i n  l e v e l  1 i s  .941 and t h e  h i g h e s t  l e v e l  r ecorded  
l e v e l  5 i s  1 .024 .  'These  v a l u e s  f o r  R can be  compared d i r e c t l y  w i t h  t h e  
graph i n  f i g u r e  3,which p l o t s  R v e r s u s  %Si02 a s  c a l c u l a t e d  from l a b o r a t o r y  
rock  e m i t t a n c e  s p e c t r a  of Lyon [ 6 ]  and an a tmospher ic  model of Anding, e t .  
a l .  [ 71. Leve l s  1 and 2  a r e  p r i m a r i l y  f e l s i c  ( a c i d i c )  s i l i c a t e s  and I ~ v e l s  
4 and 5 a r e  p r i m a r i l y  m a f i c  ( b a s i c )  s i l i c a t e s .  A graybody w i t h  c o n s t z n t  
en i i t t ance  E = 0.94 throughout  t h e  7  pm - 14 pm r e g i o n  would y i e l d  a  r a t i o  
v a l u e  of R = 0 .975 ,  which would appear  i n  l e v e l  3 ,  a long  w i t h  some of t h e  
i n t e r m e d i a t e  r o c k s .  Graybodies o f  t h a t  t y p e  can be  d i s t i n g u i s h e d  from s i l i -  
c a t e s  by r a t i o i n g  t h e  sum of r a d i a n c e s  i n  channe l s  1 and 2 t o  t h e - r a d i a n c e  
i n  channel  3 f o r  t h e  purpose  of de te rmin ing  t h e  p resence  o r  absence  of r e s t -  
s t r a h l e n  bands ,  which was n o t  done h e r e .  More and d i f f e r e n t  r anges  i n  R 
could  have been p r i n t e d ,  b u t  t h e s e . r a n g e s  and symbols were chosen f o r  p r i n t -  
i n g  because  t h e y  produced a more p l e a s i n g  f i g u r e  f o r  demons t ra t ion  purposes .  
The e s t i m a t e d  e r r o r  i n  R i s  + ,007.  . . 
The pr imary e f f e c t  of t h e  t e m p e r a t u r e - c o r r e c t i o n  can be  s e e n  i n  a com- 
p a r i s o n  of R f o r  d a c i t i c  mountains (D) w i t h  R f o r  t h e  a l luv ium (A) i n  f i g -  
u r e s  1 and 2 .  F i g u r e  1, which i s  n o t  t empera tu re -cor rec ted ,  shows t h e  
a l luv ium a s  hav ing  a lower R12 r a t i o  ( d a r k e r  i n  t h e  R12 r a t i o  image) than 
t h e  a d j a c e n t  d a c i t i c  mountains ,  even though t h e  a l luv ium h a s  a chemical  
composi t ion s i m i l a r  t o  t h e  mountains ( t h e  former c o n s i s t s  p r i m a r i l y  of rock  
f ragments  from t h e  l a t t e r ) .  However, t h e  mountains ,  which a r e  topographi-  
c a l l y  h i g h e r ,  were warmer t h a n  t h e  a l luv ium a t  t h i s  t ime of morning ( s e e  
t h e  s i n g l e  channel  images of f i g u r e  l ) ,  which b i a s e d  t h e  R12 r a t i o  toward 
a h i g h e r  v a l u e  i n  t h e  mountains .  F i g u r e  2 ,  on t h e  o t h e r  hand,  shows n e a r l y  
e q u a l  v a l u e s  f o r  R ,  t h e  t empera tu re -cor rec ted  r a t i o ,  i n  t h e  a l luv ium and 
i n  t h e  mountains .  T h i s  i s  a good i n d i c a t i o n  t h a t  t h e  t empera tu re  c o r r e c -  
t i o n s  have been s u c c e s s f u l .  
A s  a more s t r i n g e n t  t e s t  of t h e  q u a n t i t a t i v e  accuracy of t h i s  method, 
t h e  r a t i o s  of t h e  d a c i t e  and p l a g i o c l a s e  b a s a l t  samples of Lyon, p l o t t e d  
a s  d a t a  p o i n t s  i n  f i g u r e  3 ,  can be  compared w i t h  r a t i o s  f o r  t h e  d a c i t i c  
mountains ( D )  ( a l s o  f o r  t h e  d a c i t i c  f ragments  i n  t h e  a l luv ium)  and b a s a l t s  
of t h e  Sunshine l a v a  f lows  (LA) i n  f i g u r e  2 .  Lyon's  d a c i t e  y i e l d s  a theo- 
r e t i c a l  r a t i o  of R = .947,  which f a l l s  i n t o  l e v e l  1, a r a t i o  f r e q u e n t l y  
measured i n  t h e  mountain (D) and a l luv ium (A) r e g i o n s  of f i g u r e  2 .  Lyon 's  
p l a g i o c l a s e  b a s a l t  y i e l d s  a r a t i o  of R = 1 . 0 1 5 ,  which f a l l s  i n t o  l e v e l  5 ,  
a commonly measured l e v e l  i n  t h e  Sunshine b a s a l t  f lows (LA) of f i g u r e  2 .  
T h e r e f o r e ,  t h e  l a b o r a t o r y  and scanner  d a t a  q u a n t i t a t i v e l y  a g r e e  w i t h i n  
r e a s o n a b l e  l i m i t s  (perhaps  as s m a l l  a s  t h e  e s t i m a t e d  2 .007 e r r o r  i n  R) .  
To demons t ra te  t h e  t h i r d  r a t i o  t e c h n i q u e ,  r a t i o  images of r a d i a n c e s  
i n  t h e  v i s i b l e  g r e e n ,  channel  5 (0 .50 pm - 0.52 pm), to  r e f l e c t i v e  I R  chan- 
n e l  7 (0.74 prn - 0.85 pm) were p rocessed  i n  a manner s i m i l a r  t o  t h e  two- 
channe l  the rmal  r a t i o  method d i s c u s s e d  above, f o r  approximately  t h e  same 
a r e a s  a s  shown i n  f i g u r e s  1 and 2 .  F i g u r e  4 shows, from t o p  t o  bot tom,  
ana log  scanner  images of channel  5 ,  channe l  7 ,  and t h e  r a t i o  R 57 ' The 
r a t i o  image shows gray  l e v e l  v a r i a t i o n s  u n l i k e  t h e  s i n g l e  channel  images.  
T h e o r e t i c a l l y ,  i r o n  o x i d e  w i l l  appear  d a r k  i n  t h e  r a t i o  image. The two 
e r u p t i v e  phases  ( l a b e l e d  1 and 2) of Sunshine l a v a  d i s p l a y  v a r i o u s  shades  
of g r a y ,  which a r e  d a r k e r  than  t h e  a l luv ium (A) on t h e  wes t  s i d e .  The 
younger phase 2 Sunshine l a v a  appears  d a r k e r  i n  t h e  r a t i o  image t h a n  t h e  
o l d e r  phase  1 l a v a .  The g r e a t e r  p resence  of ca lc ium c a r b o n a t e  on j o i n t  
p l a n e s  and i n  l o c a l  minor d e p r e s s i o n s  on t h e  phase  1 Sunshine l a v a  ac- 
c o u n t s ,  i n  p a r t ,  f o r  t h e  l i g h t e r  c o l o r  of t h i s  u n i t  i n  t h e  s i n g l e  channe l  
images.  Th is  may a l s o  p a r t l y  account  f o r  t h e  s l i g h t l y  b r i g h t e r  g r a y  l e v e l  
i n  t h e  r a t i o  image. 
The a l l u v i a l  d e p o s i t s  (A) on e i t h e r  s i d e  of t h e  Sunshine l a v a  appear  
q u i t e  d i f f e r e n t  i n  t h e  r a t i o  image. I t  i s  p r o b a b l e  t h a t  t h e  d r a i n a g e  p a t -  
t e r n s  c a r r y  more f e r r i c  o x i d e s  from t h e  P i s g a h  and Sunshine l a v a  f lows  t o  
t h e  e a s t e r n  a l luv ium (surrounded by b a s a l t )  t h a n  t o  t h e  w e s t e r n  a l l u v i u m  
( b a s a l t  o n l y  on one s i d e ) .  T h i s  would e x p l a i n  t h e  d a r k e r  g ray  l e v e l  of t h e  
e a s t e r n  d e p o s i t s  i n  t h e  r a t i o  image. However, t h e  p l a y a  and a l luv ium e a s t  
of t h e  Sunshine f lows appear  t o  have s i m i l a r  s p e c t r a l  p r o p e r t i e s  i n  t h e s e  
two channe l s  of i n f o r m a t i o n ,  a s  evidenced by s i m i l a r  g ray  l e v e l s  i n  t h e  
r a t i o  image, which may i n d i c a t e  a lmost  e q u a l  amounts of s u r f i c i a l  f e r r i c  
ox ide  i n  o r  on b o t h  t y p e s  of m a t e r i a l .  
Probably  t h e  most s i g n i f i c a n t  f e a t u r e s  i n  t h e  r a t i o  image of f i g u r e  4 ,  
however, a r e  t h e  d a r k  l i n e a r  r e g i o n s  i n  t h e  d a c i t i c  mountains on t h e  l e f t  
s i d e  of t h e  image. The two prominent ,  d a r k ,  l i n e a r  f e a t u r e s  runn ing  n o r t h -  
wes t  t o  s o u t h e a s t  a r e  a n d e s i t i c  d i k e s  i n  t h e  predominant ly  d a c i t i c  mountain 
r a n g e .  The l o n g e r  d a r k  f e a t u r e ,  n o r t h  of t h e  a l luv ium i n l e t ,  i s  shown a s  
an  a n d e s i t e  d i k e  on T .  W .  D i b b l e e ' s  g e o l o g i c  map of t h e  a r e a  [ 8 ] .  The 
s h o r t e r  d a r k  f e a t u r e  i s  an a n d e s i t i c  d i k e  which c u t s  a c r o s s  t h e  d a c i t i c  
p e n i n s u l a  on t h e  s o u t h e r n  b o r d e r  of t h e  a l luv ium i n l e t .  T h i s  s h o r t  d i k e ,  
which i s  n o t  on D i b b l e e ' s  map, may be  a  s l i g h t l y  o f f s e t  c o n t i n u a t i o n  of t h e  
more prominent ,  l o n g e r  d i k e .  I f  s o ,  t h e r e  may be a  wes t - to -eas t  f a u l t  be- 
low t h e  a l luv ium i n  t h e  i n l e t .  The a n d e s i t i c  d i k e s  appear  r u s t y  brown t o  
t h e  naked eye  of a  f i e l d  g e o l o g i s t  on t h e  ground, and,  i f  n o t  i n  shadow, 
a r e  e a s i l y  recognized  by ground o b s e r v e r s .  However, t h e  d i k e s  do n o t  show 
up w e l l  i n  t h e  s i n g l e  channel  images .  C o n t r a r i l y ,  t h e  r a t i o  image produces  
e x c e l l e n t  c o n t r a s t  between o x i d i z e d  s u r f a c e s  o f  a n d e s i t e  and t h e  surround-  
i n g  d a c i t e ,  whether  i n  shadow o r  b r i g h t  s o l a r  i l l u m i n a t i o n .  F i n a l l y ,  t h e  
s m a l l  d a r k  s p o t  a t  t h e  top  of t h e  r a t i o  image on t h e  mountain-alluvium bor- 
d e r  i s  a  d a r k l y  weathered b i o t i t e  q u a r t z  monzonite ou tc ropp ing  t h a t  shows 
up e q u a l l y  w e l l  i n  t h e  r a t i o  o r  s i n g l e - c h a n n e l  images .  
Genera l ly  s p e a k i n g ,  a c i d i c  ( f e l s i c )  rocks  should c o n t a i n  l e s s  f e r r i c  
ox ide  t h a n  b a s i c  (mafic)  r o c k s ,  because  t h e  l a t t e r  have more i r o n  a v a i l a b l e  
f o r  o x i d a t i o n .  Thus,  t h e r e  shou ld  be some c o r r e l a t i o n  between R and R  
w i t h  r e s p e c t  t o  s i l i c a t e  rock  t y p e .  T h i s  i m p l i e s  t h a t ,  low R '2nd h i g a 7  1 2  R57 i n d i c a t e  a c i d i c  s i l i c a t e s ,  whereas h i g h  R 1 2  and low R5, i n d l c a t e  b a s i c  
s i l i c a t e s .  Although d e s e r t  v a r n i s h  ( f e r r i c  o x i d e s )  can cover  any t y p e  of 
r o c k ,  i t  does  n o t  seem t o  p r e v e n t  t h e  a c i d i c  rocks  from a p p e a r i n g  b r i g h t e r  
t h a n  b a s i c  rocks  i n  t h e  R r a t i o  of f i g u r e  4 ,  e x c e p t  f o r  c a s e s  where t h e  5  7 f e l s i c  rocks  c o n t a i n  a p p r e c i a b l e  amountsof b i o t i t e  ( b i o t i t e  q u a r t z  monzo- 
n i t e  i n  f i g u r e  4 ) .  The weathered a n d e s i t e  i n  t h e  d i k e s  of f i g u r e  4 i s  an 
i n t e r m e d i a t e  rock  w i t h  r e l a t i v e l y  h i g h  i r o n  c o n t e n t ;  hence ,  i t  h a s  a  h igh-  
e r  Fe203 c o n t e n t  and a p p e a r s  d a r k  i n  t h e  R57 r a t i o  image,  even though i t  i s  
n o t  b r i g h t  i n  t h e  R12 image of f i g u r e  1. 
There  a r e  s e v e r a l  i n d i c a t i o n s  i n  t h e  P i s g a h  d a t a  t h a t  t h e  the rmal  in -  
f r a r e d  R12 r a t i o  i s  n o t  v e r y  a f f e c t e d  by t h e  amount of f e r r i c  o x i d e s  on 
t h e  rock  s u r f a c e s .  For i n s t a n c e ,  R57 v a r i a t i o n s  w i t h i n  P i sgah  l a v a  f lows 
(no t  shown) a r e  n o t  accompanied by s i m i l a r  v a r i a t i o n s  i n  R12. Labora to ry  
tests a r e  needed t o  conf i rm o r  deny t h i s  h y p o t h e s i s .  However, t h e  i r o n  
ox ide  r e s t s t r a h l e n  bands occur  n e a r  20 pm and g r e a t e r ,  which h i n t s  t h a t  
they may be  r e l a t i v e l y  t r a n s p a r e n t  i n  t h e  s i l i c a t e  r e s t s t r a h l e n  r e g i o n  be- 
tween 8 pm and 12 um.  
CONCLUSIONS 
During t h e  p a s t  y e a r  a  2-channel I R  t e c h n i q u e  f o r  d i s c r i m i n a t i o n  among 
s i l i c a t e  rocks  was t e s t e d  f o r  a  second t i m e ,  a  th ree -channe l  I R  method was 
t e s t e d  f o r  t h e  f i r s t  t ime,  and a  new v i s i b l e - r e f l e c t i v e  I R  r a t i o  method was 
hypothes ized  and q u a l i t a t i v e l y  t e s t e d  f o r  i ron-ox ide  r e c o g n i t i o n .  Both t h e  
two-channel and three-channel  I R  r a t i o s  methods were capab le  of d i s c r i m i n a t -  
i n g  f e l s i c  from m a f i c  rock t y p e s  n e a r  P i sgah  C r a t e r ,  C a l i f o r n i a .  The t h r e e -  
channe l  r a t i o  v a l u e s  measured by t h e  scanner  were found t o  a g r e e ,  w i t h i n  
r e a s o n a b l e  l i m i t s ,  w i t h  t h e  v a l u e s  of R c a l c u l a t e d  from l a b o r a t o r y  d a t a .  
The c a p a b i l i t y  of t h e  th ree -channe l  method t o  o b t a i n  a b s o l u t e  r a t i o s  i s  
accompanied by a  c o s t l y  p r o c e s s i n g  r o u t i n e .  The two-channel t echn ique  i s  
s u p e r i o r  f o r  low thermal  c o n t r a s t  scenes  (AT < 5°C) about  which some ground 
t r u t h  i s  a v a i l a b l e  because  of i t s  speed and economy ($3400 f o r  d a t a  p rocess -  
i n g  of t h e  f i r s t  150 da ta -mi les  and $750 f o r  each a d d i t i o n a l  150 da ta -mi le  
s e t ;  t h i s  does n o t  i n c l u d e  d a t a  c o l l e c t i o n  c o s t s ) .  
The r e f l e c t i v e  channe l  r a t i o  method w a s  found capab le  of enhancing t h e  
c o n t r a s t  of i r o n  o x i d e s  i n  t h e  p resence  of unoxidized o r  i r o n - d e f i c i e n t  
rock s u r f a c e s .  Pho tograph ic  I R  methods can d u p l i c a t e  some of t h e s e  v i s i b l e -  
r e f l e c t i v e  IR r a t i o  r e s u l t s  [ 9 j 1 0 ]  w i t h  l e s s  image d i s t o r t i o n  and lower 
c o s t .  However, t h i s  scanner  r a t i o  t echn ique  (which c o s t s  t h e  same a s  t h e  
2-channel the rmal  r a t i o  p r o c e s s i n g )  i s  s u p e r i o r  f o r  s u p p r e s s i n g  shadowing 
and a tmospher ic  e f f e c t s .  
A l l  t h r e e  t e c h n i q u e s  can be  u s e f u l  f o r  g e o l o g i c  mapping. For example, 
t h e  the rmal  r a t i o  method shou ld  a s s i s t  i n  t h e  mapping of v o l c a n i c  ash f l o w s ,  
which a r e  sometimes i n d i s t i n g u i s h a b l e  t o  t h e  naked eye  from sed imenta ry  
m a t e r i a l ,  and g l a c i a l  t i l l s ,  which can v a r y  s i g n i f i c a n t l y  i n  S i 0 2  c o n t e n t *  
S i m i l a r l y ,  t h e  v i s i b l e - r e f l e c t i v e  I R  r a t i o  shou ld  b e  u s e f u l  i n  t h e  exp lora -  
t i o n  f o r  gossans  o r  o t h e  r i r o n  and n i c k e l  o r e  b o d i e s ,  a s  w e l l  a s  f o r  t h e  
mapping of i r o n - r i c h  ( l a t e r i t i c )  s o i l s .  These and o t h e r  a p p l i c a t i o n s  can 
b e  t e s t e d  w i t h  e s i t i n g  equipment and computer s o f t w a r e .  
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Analog Infrared images of flightline 2 section A of a 
west-east flight about 5 miles south of Pisgah Crater. 
North is toward the top. Channel 1, channel 2, and the 
R12 ratio image are at top, middle, and bottom, 
respectively. From left to right are dacitic mountains 
(D) , alluvium (A), Sunshine lava flows (LA), a 1 luvium 
(A), playa material (P) of Lavic Lake, and Pisgah lava 
(LA) of phase 1. 
Temperature-corrected digital recognition map of silicate 
r o cks for most of flight line 2, section A (including 
most of the area covered in figure 1) about 5 miles south 
of Pisgah Crater. North is to the top. The top and 
bottom maps are contiguous. Felsic rocks (high %Si02) 
appear yellow and mafic rocks (low %Si02) appear blue. 
Temperature-corrected ratio R versus %Si02 for 25 rock 
samples of Lyon [ 6 ] .  
Analog visible and reflective IR images of flight line 2 
section A of a west-east flight about 5 miles south of 
Pisgah Crater (same area as in figures 1 and 2). North 
is toward the top. Channel 5, channel 7, and R57 ratio 
are at top, middle and bottom, respectively. From left 
to right are dacitic mountains (D) with dark (low ratio) 
andesitic dikes, alluvium (A), Sunshine lava (LA) of two 
eruptive phases, alluvium (A), playa material (P), and 
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P I I C H I G A N  EXPERIMENTAL ImLTI SPECTRAL 
SCANNER SYSTEM 
P h i l i p  G .  H a s e l l ,  Jr.  
The U n i v e r s i t y  of  Michigan 
Ann A r b o r ,  Michigan  
The r e s e a r c h  l a b o r a t o r i e s  of  The U n i v e r s i t y  of  Michigan  p i o n e e r e d  
t h e  a p p l i c a t i o n  of  m u l t i s p e c t r a l  mapping t e c h n i q u e s  t o  e a r t h  r e s o u r c e s  
problems w i t h  e x p e r i m e n t a l  h a r d w a r e  deve lopmen t s  b e g i n n i n g  i n  t h e  mid 
s i x t i e s .  Dur ing  FY71 u n d e r  NASA/MSC s u p p o r t ,  Michigan  m o d i f i e d  i t s  
o r i g i n a l  m u l t i p a t h  m u l t i s p e c t r a l  a i r b o r n e  s c a n n e r  s y s t e m  t o  p r o v i d e  t h e  
same s p e c t r a l  b a n d s  a l o n g  a s i n g l e  o p t i c a l  l i n e  o f  s i g h t .  P r e v i o u s  t o  
t h i s  m o d i f i c a t i o n ,  t h e  c h o i c e  o f  s p e c t r a l  b a n d s  f o r  machine  p r o c e s s i n g  
was l i m i t e d  t o  t h o s e  few grouped i n  one  o f  f o u r  s e p a r a t e  o p t i c a l  p a t h s .  
A f t e r  t h e  m o d i f i c a t i o n ,  any  o f  t h e  m u l t i s p e c t r a l  bands  s e l e c t e d  f rom 
t h r o u g h o u t  t h e  u l t r a v i o l e t ,  v i s i b l e  and i n f r a r e d  r e g i o n s  c o u l d  b e  
p r o c e s s e d  t o g e t h e r .  The m o d i f i e d  s y s t e m  became o p e r a t i o n a l  i n  l a t e  
J u n e  1971 ,  o n l y  s i x  months a f t e r  c o n t r a c t  go ahead  and j u s t  i n  t i m e  f o r  
u s e  i n  t h e  Corn B l i g h t  Watch e x p e r i m e n t .  
The EIichigan e x p e r i m e n t a l  s y s t e m  h a s  s u p p l i e d  a l l  o f  t h e  m u l t i -  
s p e c t r a l  s c a n n e r  d a t a  p r o c e s s e d  and a n a l y z e d  b y  Mich igan ,  P u r d u e ,  
NASAIMSC and o t h e r s  d u r i n g  t h e  p a s t  f i v e  y e a r s .  The s y s t e m  can  g e n e r a t e  
up t o  e i g h t e e n  d i f f e r e n t  s p e c t r a l  bands  o v e r  a  w a v e l e n g t h  r a n g e  of  f rom 
0 .33  t o  1 4 . 0  m i c r o n s .  Twelve of  t h e s e  b a n d s  c a n  b e  s e l e c t e d  f o r  t a p e  
r e c o r d i n g  at  any  one  t i m e  on a  f o u r t e e n  t r a c k  a n a l o g  t a p e  machine .  The 
s c a n n e r  i n c l u d e s  p r o v i s i o n s  f o r  f i v e  s e p a r a t e  r a d i a t i o n  r e f e r e n c e  
s o u r c e s .  These s o u r c e s  a r e  v iewed i n ' s e q u e n c e  b y  e a c h  r a d i a t i o n  d e t e c t o r  
as p a r t  of e a c h  l i n e  s c a n  of  t h e  t e r r a i n  b e n e a t h  t h e  a i r c r a f t .  
Fo r  t h o s e  n o t  f a m i l i a r  w i t h  a i r b o r n e  s c a n n e r s ,  a f u n c t i o n a l  
d e s c r i p t i o n  o f  l i n e  s c a n n i n g  w i l l  b e  p r e s e n t e d  w i t h  r e f e r e n c e  t o  F i g u r e  1, 
The Geometry of  A i r b o r n e  Scann ing .  As shown i n  t h e  o p t i c a l  s c h e m a t i c  
a t  t h e  t o p  o f  t h e  f i g u r e ,  t h e  a i r b o r n e  s c a n n e r  c o n s i s t s  o f  a n  o p t i c a l  
t e l e s c o p e  w i t h  i t s  n a r r o w  f i e l d  o f  v iew d i r e c t e d  b y  a r o t a t i n g  f l a t  
m i r r o r  t o  s c a n  i n  a p l a n e  p e r p e n d i c u l a r  t o  t h e  l o n g i t u d i n a l  a x i s  of  t h e  
a i r c r a f t .  I n  p l a c e  of  t h e  u s u a l  e y e b a l l  a t  t h e  e y e p i e c e  o f  t h e  t e l e s c o p e ,  
t h e r e  i s  a r a d i a t i o n  d e t e c t o r ,  o r  d e t e c t o r s ,  which  c o n v e r t s  t h e  r a d i a t i o n  
t o  e l e c t r i c a l  s i g n a l s .  Again r e f e r r i n g  t o  F i g u r e  1, t h e  t e l e s c o p e  f i e l d  
of  v i e w  o r  ground r e s o l u t i o n  e l e m e n t  s c a n s  l a t e r a l l y  a c r o s s  t h e  a i r c r a f t  
ground t r a c k  t h r o u g h  a n  o p e n i n g  i n  t h e  bo t tom o f  t h e  a i r c r a f t .  Then i t  
s c a n s  r a d i a t i o n  r e f e r e n c e s  i n t e r n a l  t o  t h e  s c a n n e r  b e f o r e  making t h e  n e x t  
ground s c a n .  By t h e  t ime  t h e  n e x t  ground s c a n  b e g i n s ,  t h e  a i r c r a f t  h a s  
moved forward s o  t h a t  subsequent  l i n e  scans  form a  con t inuous  s t r i p  image 
of t h e  t e r r a i n  benea th  t h e  a i r c r a f t .  The e l e c t r i c a l  v o l t a g e  r e p r e s e n t a t i o n  
of a  s i n g l e  l i n e  scan i s  shown i n  F igure  2 ,  Scanner Vol tage  Output v s  Time. 
Note t h a t  whi le  t h e  d e t e c t o r s  f o r  a l l  wavelength bands view i n  phase  each  
of t h e  r a d i a t i o n  r e f e r e n c e s  a s  w e l l  a s  t h e  t e r r a i n ,  n o t  a l l  r e f e r e n c e s  
app ly  t o  each  wavelength band. Although t h e  the rmal  ambient and d a r k  
l e v e l  r e f e r e n c e s  may be  a  common r a d i a t i o n  s o u r c e ,  t h e  o t h e r  s o u r c e s  a r e  
a s s o c i a t e d  w i t h  e i t h e r  the rmal  o r  non the rmal  bands a s  shown. A 
s y n c h r o n i z a t i o n  r e f e r e n c e  i s  genera ted  by t h e  scanner  f o r  r e c o r d i n g  w i t h  
t h e  v i d e o  s i g n a l s  f o r  i n d e x i n g  purposes .  The marker p u l s e  r e f e r s  t o  t h e  
s c a n  p o s i t i o n  r e l a t i v e  t o  i n t e r n a l l y  mounted r a d i a t i o n  r e f e r e n c e s  and t h e  
r o l l  s t a b i l i z e d  p u l s e  r e f e r s  t o  ground s c a n  n a d i r  w i t h  a i r c r a f t  r o l l  
motion removed. 
The complete a i r b o r n e  s c a n n e r  sys tem i s  shown i n  schemat ic  b l o c k  
diagram form i n  F i g u r e  3, Michigan Exper imental  M u l t i s p e c t r a l  Scanner 
System. The t e r r a i n  r a d i a t i o n  e n t e r s  t h e  scanner  a t  t h e  bottom l e f t  and 
i s  r e g i s t e r e d  by t h e  r a d i a t i o n  d e t e c t o r s  i n  t h e  scanner  assembly a long  
w i t h  o p e r a t o r  c o n t r o l l e d  r e f e r e n c e  s o u r c e s .  The o u t p u t  of t h e  r a d i a t i o n  
d e t e c t o r s  a r e  e l e c t r i c a l  s i g n a l s  which a r e  a m p l i f i e d  i n  p r e a m p l i f i e r s  
b e f o r e  be ing  t r a n s m i t t e d  t o  an  o p e r a t o r  c o n s o l e  f o r  f u r t h e r  a m p l i f i c a t i o n  
i n  p o s t a m p l i f i e r s .  The o p e r a t o r  moni to r s  t h e  v i d e o  s i g n a l s  and a d j u s t s  
them t o  t h e  p roper  l e v e l  f o r  t a p e  r e c o r d i n g .  During r e c o r d i n g  h e  moni to r s  
t h e  s i g n a l s  reproduced from t h e  t a p e  r e c o r d  t o  conf i rm s a t i s f a c t o r y  
record ing .  The system makes a  l i n e a r  t r a n s f o r m a t i o n  of i n p u t  r a d i a t i o n  
t o  v o l t a g e  recorded  on t h e  ana log  magnet ic  t a p e .  The b o r e s i g h t  camera 
which i s  p a r t  of t h e  sys tem r e c o r d s  v i s i b l e  r a d i a t i o n  on f i l m  f o r  u s e  i n  
t h e  a n a l y s i s  of t h e  scanner  d a t a .  
The system m o d i f i c a t i o n  completed i n  June 1971  amounted t o  t h e  
s u b s t i t u t i o n  of the s i n g l e  s c a n n e r  assembly shown on t h e  l e f t  of  t h e  
f i g u r e  f o r  two double  ended m i l i t a r y  s u r p l u s  s c a n n e r s  o r i g i n a l l y  used i n  
t h e  sys tem.  The r a d i a t i o n  r e f e r e n c e s ,  d e t e c t o r  a s s e m b l i e s ,  e l e c t r o n i c s ,  
o p e r a t o r  d i s p l a y s  and t h e  t a p e  machine remained t h e  same. However, t h e  
sys tem c o n f i g u r a t i o n  i s  a dynamic one which is  c o n t i n u a l l y  changing t o  
a c c e p t  new d e t e c t o r  assembl ies  and e l e c t r o n i c  components w i t h  improved 
performance.  F i g u r e  4 ,  M 7  Scanner Performance C h a r a c t e r i s t i c s ,  shows t h e  
g r o s s  pa ramete rs  of t h e  c u r r e n t  sys tem which i s  formed around t h e  Michigan 
d e s i g n a t e d  M7 scanner .  
F i g u r e  5 ,  O p t i c a l  Schematic of Michigan Exper imental  M u l t i s p e c t r a l  
Scanner ,  shows t h e  o p t i c a l  c o n f i g u r a t i o n  of t h e  M7 scanner .  F igure  6 ,  
Michigan Exper imental  M u l t i s p e c t r a l  Scanner ,  shows a  similar view of t h e  
a c t u a l  s c a n n e r  w i t h  i n s p e c t i o n  p a n e l s  removed. The key f e a t u r e  t o  n o t e  
i n  t h e  d e s i g n  i s  t h e  f l e x i b i l i t y  t o  e a s i l y  a c c e p t  d i f f e r e n t  r a d i a t i o n  
r e f e r e n c e  s o u r c e s  and new d e t e c t o r  assembl ies .  Weight and s p a c e  s a v i n g s  
were s a c r i f i c e d  t o  p r o v i d e  t h i s  f l e x i b i l i t y  which allowed t h e  immediate 
u s e  of r e f e r e n c e s  and d e t e c t o r  a s s e m b l i e s  from t h e  o r i g i n a l  sys tem w i t h  
t h e  unders tand ing  t h a t  t h e y  would e v e n t u a l l y  b e  r e p l a c e d  a s  t ime  and 
funds  p e r m i t t e d .  Also,  t h e  s c a n  motor d r i v e  s h a f t  was extended beyond 
t h e  a f t  end of t h e  motor hous ing  i n  o r d e r  t h a t  i l l u m i n a t i o n  s o u r c e s  
(such a s  l a s e r s )  might  l a t e r  be  added t o  t h e  sys tem i n  t i m e  phase w i t h  
t h e  s c a n  m i r r o r .  
The r a d i a t i o n  i n t e r c e p t e d  by t h e  f i v e  i n c h  d iamete r  c o l l e c t i n g  
a p e r t u r e  i s  d i r e c t e d  i n t o  t h e  Dall-Kirkham t e l e s c o p e  which h a s  a  t h r e e  
i n c h  d i a m e t e r  secondary m i r r o r .  The incoming r a d i a t i o n  blocked from 
t h e  t e l e s c o p e  by t h i s  secondary i s  d i r e c t e d  upward t o  d e t e c t o r  p o s i t i o n  
number one. This nominal t h r e e  i n c h  d iamete r  c o l l e c t i n g  a p e r t u r e  i s  
broadband ( 0 . 3  t o  14.0  m i c r o n s ) .  C u r r e n t l y  a  f o c u s i n g  l e n s  des igned  f o r  
8.0 t o  14.0  microns  i s  used a t  t h i s  p o s i t i o n  w i t h  a  HgCdTe d e t e c t o r  t o  
provide '  the rmal  d a t a .  I n  work i s  a  m o d i f i c a t i o n  t o  use  a  d i c h r o i c  m i r r o r  
i n  t h i s  p o s i t i o n  t o  d i v e r t  UV r a d i a t i o n  on to  a  p h o t o m u l t i p l i e r  d e t e c t o r  
w h i l e  m a i n t a i n i n g  t h e  the rmal  d e t e c t o r  i n  t h e  same p o s i t i o n .  A wide 
v a r i e t y  of d e t e c t o r  a s s e m b l i e s  can b e  used i n  t h i s  p o s i t i o n .  
The r a d i a t i o n  c o l l e c t e d  by t h e  e f f e c t i v e  f o u r  i n c h  a p e r t u r e  of t h e  
t e l e s c o p e  i s  f o l d e d  i n t o  a  d i c h r o i c  m i r r o r  which r e f l e c t s  t h e  r a d i a t i o n  
below a  nominal  0 . 9  micron and t r a n s m i t s  t h e  energy  beyond. The 
r a d i a t i o n  beyond 0.9 microns  i s  focused  on to  t h r e e  s e p a r a t e l y  f i l t e r e d  
InAs d e t e c t o r  e lements  by a  l e n s  op t imized  f o r  t r a n s m i s s i o n  i n  t h e  1 . 0  
t o  2 . 6  micron r e g i o n .  Th is  d i c h r o i c  and l e n s  can b e  changed r e l a t i v e l y  
e a s i l y  f o r  d i f f e r e n t  d e t e c t o r  c o n f i g u r a t i o n s  a t  t h i s  d e t e c t o r  p o s i t i o n  
number two. 
The r a d i a t i o n  a t  wavelengths  s h o r t e r  t h a n  0 .9  microns i s  focused 
o n t o  t h e  e n t r a n c e  s l i t  of a p r i sm s p e c t r o m e t e r  a t  d e t e c t o r  p o s i t i o n  
number t h r e e .  Th is  s p e c t r o m e t e r  d i s p e r s e s  v i s i b l e  and n e a r  i n f r a r e d  
r a d i a t i o n  th rough  f i b e r  o p t i c  bundles  o n t o  a s  many a s  twelve photo- 
m u l t i p l i e r  t u b e s .  The s i x t e e n  f i b e r s  a r e  d i r e c t e d  on to  n i n e  s e p a r a t e  
p h o t o m u l t i p l i e r  d e t e c t o r s  i n  t h e  c u r r e n t  c o n f i g u r a t i o n .  
The r a d i a t i o n  r e f e r e n c e  s o u r c e s  c u r r e n t l y  i n  u s e  w i t h  t h e  sys tem 
a r e :  (1) a n  NBS lamp packaged t o  s i m u l a t e  a  p o i n t  s o u r c e ,  (2 )  two 
t e m p e r a t u r e  c o n t r o l l e d  greybody the rmal  r e f e r e n c e s  which f i l l  t h e  
c o l l e c t i n g  a p e r t u r e ,  and (3)  a sky i l l u m i n a t i o n  r e f e r e n c e  c o n s i s t i n g  of 
an  o p a l  g l a s s  d i f f u s i n g  p l a t e  mounted i n  t h e  t o p  of t h e  a i r c r a f t  . The 
o p e r a t o r  h a s  c o n t r o l  of t h e  r a d i a t i o n  from a l l  r e f e r e n c e  s o u r c e s  th rough  
e l e c t r o n i c  c o n t r o l  of t h e  lamp and g reybodies  and a t t e n u a t i n g  o p t i c a l  
f i l t e r s  f o r  t h e  sky i l l u m i n a t i o n .  The c a l i b r a t e d  o u t p u t  of t h e s e  s o u r c e s  
a r e  moni tored and recorded  manual ly  by t h e  o p e r a t o r  d u r i n g  d a t a  c o l l e c t i o n .  
These i n t e r n a l  r e f e r e n c e s  a r e  c a l i b r a t e d  p e r i o d i c a l l y  a g a i n s t  e x t e r n a l  
s t a n d a r d s  i n  t h e  l a b o r a t o r y .  
F i g u r e  7 ,  D e t e c t o r  C o n f i g u r a t i o n s  f o r  M7 Scanner ,  shows t h e  d e t e c t o r  
assembl ies  c u r r e n t l y  a v a i l a b l e  f o r  use  i n  t h e  sys tem and t h o s e  planned 
f o r  t h e  n e a r  f u t u r e .  A l l  d a t a  c o l l e c t e d  d u r i n g  t h e  last  h a l f  of 1971 
used t h e  s p e c i f i c  d e t e c t o r s  l i s t e d  i n  t h e  t o p  row of the c h a r t .  
A 9 . 3  micron  l o n g  wave leng th  p a s s  f i l t e r  was u s e d  w i t h  t h e  HgCdTe 
d e t e c t o r  i n  p o s i t i o n  one t o  p r o v i d e  t h e r m a l  c o v e r a g e .  Some o f  t h e  f u t u r e  
d e t e c t o r s  w i l l  b e  a v a i l a b l e  f o r  u s e  by t h e  s p r i n g  of  1972 and a l l  s h o u l d  
b e  o p e r a t i o n a l  by  t h e  summer o f  1972 .  It is  i n t e r e s t i n g  t o  n o t e  t h a t  
t h e  most  u s e f u l  wave-length bands  of  t h o s e  a v a i l a b l e  f o r  p r o c e s s i n g  t h e  
c o r n  b l i g h t  d a t a  were  t h e  Chermal I R  ( 9 . 3  t o  1 1 . 5  m i c r o n s ) ,  two i n  t h e  
mid I R  ( 1 . 0  t o  2 . 6  m i c r o n s )  and t h r e e  i n  v i s i b l e  and n e a r  IR (0 .4  t o  0 .9  
m i c r o n s ) .  The s p e c i f i c  bands  i n  t h e  non t h e r m a l  w a v e l e n g t h s  v a r i e d  w i t h  
t h e  chang ing  c r o p  c o n d i t i o n s .  I t  was f o r t u n a t e  t h a t  t h e  s y s t e m  w a s  
m o d i f i e d  i n  t ime  t o  make t h e s e  bands  a v a i l a b l e  f o r  m u l t i s p e c t r a l  
p r o c e s s i n g  of  c o r n  b l i g h t .  
F i g u r e s  8 and 9 show an  e x t e r n a l  v iew o f  t h e  Michigan C47 a i r c r a f t  
which  n o r m a l l y  t r a n s p o r t s  t h e  m u l t i s p e c t r a l  mapping s y s t e m  and a n  
i n t e r n a l  v iew of t h e  i n s t r u m e n t a t i o n  i n s t a l l e d  i n  t h e  a i r c r a f t .  The 
i n t e r n a l  v i ew l o o k s  f o r w a r d  i n  t h e  a i r c r a f t  f rom t h e  r e a r .  The 747 
s c a n n e r  w i t h  r e f e r e n c e  s o u r c e s  and r a d i a t i o n  d e t e c t o r s  removed i s  i n  
t h e  l o w e r  r i g h t  hand c o r n e r  o f  t h e  f i g u r e .  The s c a n n e r  rests i n  an  
i n s t r u m e n t  w e l l  t h r o u g h  t h e  f l o o r  o f  t h e  a i r c r a f t .  The s u p p o r t i n g  
e l e c t r o n i c s  and o p e r a t o r  p o s i t i o n s  f o r  t h e  s y s t e m  a r e  fo rward  of  t h e  
s c a n n e r  p o s i t i o n .  At t h e  t i m e  of  t h i s  p h o t o g r a p h  most  of  t h e  o r i g i n a l  
m u l t i s p e c t r a l  s y s t e m  was s t i l l  i n s t a l l e d  i n  t h e  a i r c r a f t  i n c l u d i n g  one  
o f  t h e  d o u b l e  ended m i l i t a r y  s u r p l u s  s c a n n e r s .  The m o d i f i e d  m u l t i -  
s p e c t r a l  s y s t e m  weighs  a b o u t  1200 pounds which  i s  a b o u t  h a l f  t h e  
i n s t r u m e n t a t i o n  p a y l o a d  o f  the C47 a i r c r a f t .  T h e r e f o r e  o t h e r  s y s t e m s  
may b e  i n s t a l l e d  and o p e r a t e d  i n  c o n j u n c t i o n  w i t h  t h e  m u l t i s p e c t r a l  
mapping f u n c t i o n s .  
The M7 m u l t i s p e c t r a l  s y s t e m  c a n  a l s o  b e  i n s t a l l e d  i n  the Michigan  
C46 a i r c r a f t  wh ich  c o n t a i n s  a  h i g h  r e s o l u t i o n ,  s i d e  l o o k i n g  a i r b o r n e  
r a d a r  (SLAP,) sys t em.  T h i s  SLkX s y s t e m  i s  a l s o  used  f o r  e a r t h  r e s o u r c e  
a p p l i c a t i o n s .  However, t h e  two s y s t e m s  c a n n o t  b e  o p e r a t e d  s i m u l t a n e o u s l y  
and t h e  a i r c r a f t  d a t a  c o l l e c t i o n  t ime  i s  r educed  f rom f o u r  t o  two h o u r s  
b e c a u s e  of  r e d u c e d  f u e l  c a p a c i t y  w i t h  b o t h  s y s t e m s  i n s t a l l e d .  T h i s  
combined s y s t e m  i n s t a l l a t i o n  i n  t h e  C46 i s  u s u a l l y  a t empora ry  one  
which p r o v i d e s  f o r  IR and r a d a r  mapping w i t h  one a i r c r a f t  on t h e  same 
f i e l d  t r i p .  
As ide  f rom c o n t i n u e d  development  of  new d e t e c t o r  a s s e m b l i e s  and 
e l e c t r o n i c  components  t o  improve  s c a n n e r  p e r f o r m a n c e ,  s e v e r a l  o t h e r  i t e m s  
a r e  s c h e d u l e d  f o r  i n v e s t i g a t i o n  i n  t h e  n e a r  f u t u r e .  One i s  t o  make 
p r o v i s i o n  f o r  s c a n n i n g  i n  a n  o b l i q u e  i n s t e a d  o f .  a v e r t i c a l  p l a n e  a c r o s s  
t h e  a i r c r a f t  t r a c k .  The o b l i q u e  v i e w  of v e g e t a t i o n  s h o u l d  show more 
v e g e t a t i o n  and less ground i n  a r e s o l u t i o n  e l e m e n t .  T h i s  mix of  s o i l  and 
c r o p  i n  a  common r e s o l u t i o n  e l e m e n t  h a s  been  a problem i n  r e m o t e l y  
i d e n t i f y i n g  f a r m  c r o p s  i n  t h e  p a s t  and the t e c h n i q u e  may b e n e f i t  o t h e r  
a p p l i c a t i o n s .  The o t h e r  new t e c h n i q u e  of  p o t e n t i a l  b e n e f i t  i s  t o  a c t i v e l y  
s c a n  i n  s e l e c t e d  w a v e l e n g t h  bands  which w i l l  b e  r e c o r d e d  a l o n g  w i t h  
p a s s i v e  bands .  L a s e r  r a d i a t i o n  s o u r c e s  can  b e  c o u p l e d  wi t l l .  l i n e  s c a n n e r s  
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12 Spectral Bands in UV, Vis, IR 
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FIGURE 9. INTERIOR VIEW OF C-47 REMOTE SENSING AIRCRAFT 




MULTISPECTRAL IMAGING RADAR 
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Ann Arbor,  Michigan 
ABSTRACT 
During calendar year 1971 a University of Michigan fine- 
resolution sidelooking r ada r ,  installed in a C-46 a i rcraf t ,  was mod- 
ified to provide it with an initial multispectral imaging capability. 
The radar is capable of radiating at  either of two wavelengths, these 
being approximately 3 cm and 30-cm, with either horizontal or  ver- 
tical polarization on each wavelength. Both the horizontally- and 
vertically -polarized components of the reflected .signal can be ob- 
served for each wavelength/polarization transmitter configuration. 
At present,  two-wavelength observation of a terrain region can be 
accomplished within the same day, but not with truly simultaneous 
observation on both wavelengths. A multiplex circuit to permit this 
simultaneous observation has been designed. A brief description of 
the modified radar system and i ts  operating parameters is presented. 
Emphasis is then placed on initial flight test  data and preliminary 
interpretation. Some considerations pertinent to the calibration of 
such radars  a r e  presented in passing. 
>+ mTRODU CT ION 
In this report ,  we describe results  achieved by the Radar and 
Optics Division of The University of Michigan's Willow Run 
. 
Laboratories under a NASA-supported* multispectral radar program. 
A f ine-resolution airborne synthetic-aperture radar system, origi- 
nally designed to operate at  a wavelength of 3 cm (X-band) , was modi- 
fied such that, on any pass of the aircraft ,  the radar could be operated 
either at 3 cm or  a t  26 cm wavelength (L-band). Although funding did 
not permit provisions to be made for  simultaneous two-wavelength 
operation, duplication of flight paths on successive passes was ade- 
quate to permit images generated a t  each of the two wavelengths to 
be examined in reasonable geometric registration. At each wavelength, 
it was possible to transmit one linear polarization - either horizontal 
o r  vertical - and to receive both the parallel-polarized and the cross-  
polarized components of the reflected signal. Because the two oper- 
ating wavelengths differ by almost an order of magnitude, the rough- 
ness scales to which the radar is sensitive in its two operating modes 
likewise differ by a like amount. This feature, coupled with the greater 
transparency of vegetation a t  the longer wavelength provides us with a 
lttwo-color", two-polarization view of overflown terrain which is a 
potentially significant step in the direction of a multispectral micro- 
wave remote sensor.  
After completion and checkout of the hardware, this simple 
multispectral system was then operated at  Garden City, Kansas, and 
in the Lavic Lake /~ i sgah  Crater region of California. In this paper, 
we describe the radar  system itself, and include some preliminary 
samples of multispectral radar imagery. The agricultural and geo- 
logic interpretation of the Garden City and Pisgah data respectively 
a r e  the responsibility of University of Kansas investigators and a r e  
not treated formally in this paper. 
SYSTEM DESCRIPTION 
The multispectral radar  consists of a synthetic-aperture radar 
(SAR) system which, in its basic form, operates a t  3 cm wavelength. 
The 26-cm capability is provided by means of a down-converter 
inserted between the transmitter and antenna, and an up-converter 
inserted between the antenna and receiver. The basic 3-cm radar 
* Contract NAS 9-11036 
has the following key properties : 
Type : Focused synthetic aperture 
Pulse : Dispersed, linear F M  
Antenna : Dual-polar ization slotted guide array with 
6 in. x 60 in. aperture,  and 25 db isolation 
between polarization 
Data storage : C ~ ~ / f i l m  recorder 
Data processor : Coherent optical correlator 
The system is operated in a C-46 aircraft  (Fig. 1). For the purpose 
of this program, the overall system, including the data processor,  
yields imagery with slant-range and along-track resolutions both 
equal to 30 feet.  Since the system is a focused synthetic-aperture 
r ada r ,  both values of resolution a r e  independent of slant range at 
the ranges of interest to this program. 
When 26-cm operation is required, the down-converter/up- 
converter circuitry is inserted into the radar signal chain. The R F  
bandwidth of the radar  is not altered, although the radiated nominal 
center frequency is translated from 9.4 GHz to 1.265 GHz. There- 
fore ,  the range resolution of 30 feet is preserved. The 30 foot 
along-track resolution is likewise preserved, since synthetic- 
aperture systems have a theoretical resolving capability which is 
A-independent . The motion-compensation circuitry which frequently 
is employed in SAR systems must be rescaled when A is changed, 
since the inertial sensing subsystem is sensitive to aircraft  t rans-  
lation or  its derivatives, and a given translation inserts  a phase 
e r r o r  which varies as x - ~ .  The required rescaling is provided by a 
gain change in an amplifier. The conversion of the system from 3- 
cm to 26-cm or vice versa can be accomplished in the a i r  between 
passes since it was feasible to mount both the 3-cm and the 26-cm 
dual polarization antennas within the C-46 radome. (Figure 2) 
Changeover time for the R F  circuitry and motion compensation scaling 
is about 30 minutes, considerably shorter than one day changeover 
time initially specified by MSC. Once the conversion from X-band 
to L-band is complete, the basic performance parameters a r e  as 
listed earl ier  for the 3-cm case .  
A comment is in order on the reasons why a heterodyne approach 
was employed to provide the multispectral capability. One funda- 
mental reason was cost. The operating X-band system, prior to 
modification, contained nearly all the expensive and technically dif- 
ficult components which a SAR system requires; i. e.  , 
Phase coherence circuitry 
Broad-band pulse generation circuitry 
Motion sensing and compensation 
Broad-band receivers and video gain 
Optical data recorders 
The only new components which were required were the up/down 
converters,  the L-band transmitter and the antennas. In addition 
to minimizing cost,  this approach provided high probability of success,  
since the basic X-band system had been well proven. 
PRELIMINARY RESULTS 
The two-frequency radar  was operated in Kansas and in Cali- 
fornia during the latter half of 1971. Figure 3 shows comparative 
X/L band images of a.portion of the Garden City Agricultural Test 
Site, Kansas, generated July 23, 1971. As mentioned above, 
University of Kansas investigators will provide detailed interpre- 
tation of this imagery and thus only comments based on brief inspec- 
tion of the data and no ground truth a r e  presented here.  The two 
fields called out by arrows in the four images provide an interesting 
illustration of the reflectivity differences to be expected a t  the two 
wavelengths and polarizations. The X-band images show some fine 
structure in the ground cover, possibly related to water content, while 
the normal polarized L-band energy probably penetrated the vege- 
tative cover and was reflected by the residual cultivation furrows 
which a r e  perpendicular to the radar  line-of-sight and was reflected 
relatively less  by the furrows parallel to the line-of-sight. 
Figure 4 shows comparative X/L band images of Pisgah Crater ,  
California, generated in October 1971. An interesting feature of 
these images is the relative reflectivity of the lava a r ea  left (west 
northwest) of the cra ter .  This demonstrates the multifrequency 
radar ' s  ability to differentiate surface roughness changes from 
slope changes as the relative reflectivity would remain approxi- 
mately constant from wavelength to wavelength i f  the higher return 
in this a r ea  were due to slope effects. 
Figure 5 shows comparative X/L band imagery of Lavic Lake, 
California, generated in October 1971. Once again surface rough- 
ness effects a r e  evident with particular emphasis in the left (south- 
west) portion of the image. 
CONCLUDING REMARKS 
The radar  described above satisfies the basic program objective 
of providing a capability for imaging ter ra in ,  with fine resolution, 
in two spectral regions separated by approximately one order of 
magnitude in wavelength. However, this system, as implemented, 
has several  glaring weaknesses: 
a) It cannot observe on both wavelengths simultaneously. 
Theref ore ,  even if flight lines a r e  repeated precisely, other natural 
changes may occur between observations which alter the apparent 
reflection properties of the surface. As one example, enough rain 
fell on the surface at Lavic Lake between two of the passes s o  that the 
lake surface was dry on one pass and liquid on the other (these a r e  
not the passes illustrated in Fig. 5). 
b) Differences in flight path for the 3-cm and 26-cm observations 
result in changes of aspect and depression angle of the observation 
for  flat terrain and differential e r ro r s  in ground range/slant range 
transformations over hilly or  mountainous terrain.  As a result ,  
X-dependences a r e  mixed with viewing angle dependences, and this 
complicates the interpretation/recognition process. 
c) The two-wavelength radar is not amplitude-calibrated on 
either operating wavelength. 
Many of the multispectral recognition concepts now being de - 
veloped and applied in the IR and visible portions of the electro- 
magnetic spectrum show promise, if suitably modified, in the 
microwave portion of the spectrum. A full assessment of the ap- 
plicability of these techniques to radar imaging is very difficult 
without a calibrated and simultaneous observation system. The 
Michigan x/L band SAR system, while not adequate for this larger 
assessment,  does provide a good s ta r t  toward establishment of a 
data base which is a necessary step in the direction of multispectral 
radar sensing. 
35- 7 
Figure 1" - C-46 radar testbed. 
35- 8 
F igure 2. - X-band (above) and L-band (below) 
antenna installation on C-46 aircraft (radome removed). 
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Figure 3. - Multifrequency, multipolarization imagery 
of agricultural test site. 
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Figure 3. - Multifrequency, multipolarization imagery 
of agricultural test site (continued). 
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Figure 3. - Multifrequency, multipolarization imagery 
of agricultural test s ite (continued). 
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Figure 4. - Multifrequency, multipolarization imagery 
of Pisgah Crater area (concluded). 
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F igure 5 . lVlultifrequency imagery of Lavic Lake . 
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Figure 5. Multifrequency imagery of Lavic Lake (concluded). 
SECTION 36 
SURFACE CONFIGURATION AS A N  EXPLANATION FOR 
LITHOLOGY-RELATED CROSS-POLARIZED RADAR IMAGE ANOMALIES 
James R. McCauley 
Center for Research, Inc. 
Remote Sensing Laboratory 
University o f  Kansas 
Lawrence, Kansas 66044 
INTRODUCTION 
With the development of multipolarized side-looking radar systems, itabeeame 
possible to record two orthogonal components of the backscattered radiation in the 
form of  two congruent and simultaneously produced radar images, a like-polarized 
image, either HH or VV and corresponding cross-polarized image, HV or VH . Study 
of Westing house AN/APQ-97 Ka-band mu1 tipolarized imagery acquired in 1965 and 
1966 as part of the Earth Resources Program has uncovered various targets that appear 
differently on the l ike- and cross-polarized images. One group of polarization 
anomal ies has concerned geologists for some time, namely the signif icantly lower 
~ r o s s - ~ o l  arized returns produced by certain volcanic rocks. 
An explanation of these lower cross-polarized returns i s  the subject of the 
present investigation conducted at the Remote Sensing Laboratory of the Center for 
Research, Inc. at the University of Kansas wit'h funding by NASA Contract NAS 9- 
10261. 
The first geologic evaluation of simultaneously produced l ike- and cross- 
polarized images was performed by Del lwig and Moore (1966) in  the Pisgah Crater 
area of Southern California. The area i s  a NASA test site and was imaged in 1965 
with the AN/APQ-97 SLAR system using its ful l  polarization capacity together with 
several look directions. Geologically, the area i s  composed of two Quaternary basalt 
flows, a playa, and large areas of al luvial  fans. Studies of the imagery revealed that 
whereas the flows associated with Pisgah Crater and the areas of alluvium retained 
much the same appearance on a l l  images regardless of polarization, the other basalt 
f low (Sunshine flow) produced images that were distinctly darker on cross-polarized 
returns thun on lilte-polarized returns. Th is  reversal i n  tone by the Sunshine flow 
allowed the easy discrimination of adjacent rock types on cross-polarized images that 
were d i f f icu l t  to separate on the like-polarized image. These and other polarization- 
related differences lead the authors to state that " In simultaneously produced l ike- 
and c ros~-~o la i , i zed  imagery, as exemplified by the Pisgah Crater area, the geologist 
finds information previously unattainable from only like-polarized radar imagery," 
(Del lwig and Moore, 1966, p. 3601). 
About the same time, Cooper (1966), conducting a preliminary evaluation of  
K-band imagery in the Twin Buttes area of  Arizona, (see Figure 2A), noted two areas 
o f  low return on the HV image that were not delineated 0.n the corresponding HH image 
or aerial photographs. Subsequent f ie ld  investigation established these areas as being 
previously unmapped outcrops of  pyroxene rhyodacite . Not ing no important differences 
in surface roughness between the outcrop and surrounding areas, Cooper suggested the 
high glass content o f  the rhyodacite as a possible cause for the differing radar returns. 
Gil lerman (1967) tested the preliminary hypothesis o f  Cooper concerning glass 
content by searching the K-band imagery o f  the Western United States for areas with 
lower return (darker) on the cross-polarized image than on the like-polarized image. 
A number of  such arkas were uncovered. A l l  consisted of Tertiary or Quaternary 
volcanic rocks wi th wide ranging compositions and glass contents. This lead Gil lerman 
to  conclude that glass content was not the determining factor i n  producing lower 
returns on the cross-polarized imagery. 
PROCEDURE 
When the present study was undertaken, certain generalizations could be made 
concerning the nature of  the anomalous returns. 
1 . These anomalies always produced bright l ike-bolarized and dark 
cross-polarized images. 
2. In test sites where the fu l l  polarization capabil i ty was used; the 
lower cross-polarized returns occurred independently o f  the polarization 
of  the transmitted signal, that i s  darker VH images were produced as 
wel l  as darker HV images. 
3. I n  these same sites, lower cross-polarized returns appeared independently 
o f  look-direction. 
4. The lower cross-polarized returns were apparently associated with volcanic 
rocks although they occurred independently o f  composition and glass content 
since both factors vary widely in the rocks producing such returns. 
A further search of available multipolarized radar was conducted to  uncover 
additional polarization anomalies. These were documented with respect to  rock-type 
using pub1 ished literature and maps. Aerial photos o f  many of  these areas were 
obtained and studied and f inal ly, several areas were investigated in the f ie ld  where 
samples were col lected and ground truth was obtained. No  single hypothesis was 
tested, many l i thologic properties were considered i n  hopes o f  uncovering consistencies 
which may be responsible for the 'lower cross-polarized returns. 
RESULTS 
Search o f  the radar uncovered a number of cross-polarized anornal ies which 
were not associated with volcanic rocks but  were apparently caused by  outcrops of 
certain sandstone formations,namely,the Navajo  Sandstone o f  Utah and its time 
equivalent i n  southern Nevada, the Aztec Sandstone. Extensive outcrops of thick 
Tertiary clastics in  the Imperial Vcllley of California also produced images with 
distinctly lower cross-polarized returns. 
Gross l i thologic differences between sandstones and volcanic rocks discounted 
many early hypotheses concerning various volcanic phenomena. Field investigation, 
however, has led to the conclusion that surface configuration of the outcrops involved 
i s  responsible for their appearance on multipolarized imagery. The manner i n  which 
these anomalous returns are produced i s  by specular non-depolarized reflection from 
planar rock surfaces. 
I n  general, the rocks producing anomalous cross-polarized returns can be 
grouped into three general types: ( 1 )  certain geologically recent lava flows (late 
Pleistocene and Holocene), (2) some Tertiary volcan ics and (3) certain massive 
sandstones. These three rock types, for differing reasons, produce terrains i n  which 
radar return i s  dominated by specular reflection from planar surfaces. 
For a s~ecu la r  eflector to  be recorded on a SLAR image, its orientation must 
be normal to the path of the impinging radar, and for such an orientation, Fung (1965) 
has shown that the depolarized component of the reflected radar energy i s  at a 
minimum. This results in  a higher return onthe like-polarized image and a lower 
return on the cross-polarized image; which i s  in compliance with the observed multi- 
polarized behavior of the three rock types. When planar surfaces are normal to the 
path of the incident radar, both horizontally and vert ical ly polarized radar behave 
the same since both are oscillating in the   lane of the reflecting surface. This 
explains the fact that lower cross-polarized returns occur independently of the 
original polarization direction. 
The planar rock surfaces are large with respect to the wavelength of the Ka- 
band AN/APQ-97 system (0.86 cm .) yet are small i n  comparison to the resolution. 
The outcrops involved represent highly faceted surfaces wi th facets of varying orien- 
tations. However only those of the proper orientation produce significant returns. 
Because there may be many facets so oriented i n  any given resolution cell, the 
observed radar images are averaged returns showing the dominance of specular re- 
flectors in  the production of the returns. I n  addition, the omnidirectional attitude 
of the facets and their wide distribution on the outcrops studied explains the inde- 
pendence of look-direction that the f lat lying anomalous outcrops exhibit in  production 
of darker cross-polarized images. 
DISCUSSION 
The first group of rocks, the young lavas, a l l  have one characteristic i n  
common - blockiness. Th is  blockiness results from the actual eruption o f  the lavas . 
With dacites and rh~o l i t es ,  the low temperature atid high viscosity o f  the lava results 
i n  domes and thick stubby flows with surfaces l i t tered by large blocks that yielded to  
the stresses of eruption. The rhyol i t ic domes and flows of the Mono Craters in  east- 
central California are good examples. Some basaltic erupfions result i n  blocky flows 
because of  rapid cooling of  the lava while s t i l l  i n  motion. The youthful lava associ- 
ated wi th  S .  P. Crater in  the San Francisco volcanic f ie ld  of  Arizona i s  a very 
blocky basalt that produces anomalous returns on multipolarized imagery. In  both 
bases, the terrain i s  dominated by blocky fragments wi th planar surfaces that are 
much larger than the wavelength o f  the radar. Because of the youthfulness o f  the 
lavas, the effects of weathering are not much i n  evidence; soils and regoli th are 
lacking and vegetation i s  minimal . Because o f  the large size o f  these flows as we1 l 
as their well-defined boundaries, they are easily resolved on K-band imagery. 
Figure l a  i s  a radar image o f  the Mono Craters recorded wi th  an easterly' look- 
direction. The top image i s  a l ike-polarized image (VV) whereas the lower image i s  
cross-polarized (VH). Numerous parts of the north-south chain o f  ext inct  volcanoes 
appear darker on the cross image. These areas are al  l b locky domes and flows of  
recent geologic age composed of obsidean and punice of  rhyol i t ic  composition. 
Figure l b  i s  a v iew of the small f low at the northern end (right) of  the chain, 
which shows a sharply lower- return on the cross-polarized image. The picture was 
taken on the younger f low looking in  a northwesterly direction. Large angular blocks 
of  punice are evident in  the foreground. I n  the middle distance, an older f low can 
be seen which has been buried by an intervening episode of  ash erruption. As a 
result, the blocky nature of  the older f low i s  concealed and vegetation is  developed 
which together wi th the puffy ash covering produces a diffuse and depolarized return. 
Figure l c  i s  a close-up view of the angular blocks of pumice which make up 
the surface of the f low. The smoothness of these surfaces i s  apparent. I n  addit ion 
the vesicles o f  the pumice are small and evenly distributed. Thus there are no dis- 
continuities i n  the-blocks to  produce internal ref lecting boundaries. A a result most 
of  the return from these blocks i s  produced b reflection from the surface, which i n  Y this case i s  specular. In  otller areas,particu arly i n  the flows to  the south, obsidian 
makes up the blocks which dominate the surfaces. For the same reason as i n  the case 
of  pumice, similar low cross-polarized returns are produced. 
The second group of rocks are also volcanic including some shallow intrusive5 
but are older, generally tertiary in  age and thus h w e  undergone more extensive 
weathering. The cause for differential depolarization by this class of  rocks i s  again 
blockiness. I n  this case, however, the blockiness i s  due to  weathering which pro- 
duces blocky outcrops and extensive areas o f  rubble. However, because of  the age 
of  the outcrops, soils and vegetation have also developed. Thus i t  i s  only i n  dry 
climates such as in  the southwestern part of the country that soil development and 
vegetation cover i s  suppressed suff iciently to  permit the blocky rubble to  contribute 
signif icantly to  the radar return. Because the radar return from these rocks i s  only 
part ia l ly  due to  specular reflection, the differences between the l ike-  and cross- 
polarized returns are usually less than those observed with the first class o f  rocks. 
Figure 2a shows HH and HV images of  the Twin Buttes area. A r rom indicate 
the outcrops of pyroxene rhyodacite studied by  Cooper. Figure 2b i s  a v iew of  the 
large northern outcrop. The difference in vegetation i s  largely due to the blocky 
surface which hinders root development o f  larger plants such as the mesquite trees in 
the foreground. Figure 2c i s  a v iew of  blocks of  rhyodacite which protrudes above 
the sparse cover of  short grasses. 
The third rock type accountable for differential depolarization are the thick 
massive sandstones particularly those of a friable nature that are easily physically 
weathered. Such sandstones are swept clean with each rain, thus extensive bare 
rock outcrops are capable of forming. Because these sandstones weather into broad 
smoothly rounded forms, there are l imited surfaces in a given area that have the proper 
attitude to reflect radar energy back to the receiver. This accounts for the speckled 
return these rocks produce on the l ike-polarized image with the bright specks repre- 
senting surfaces of the proper orientation. The cross-polarized image i s  almost com- 
pletely black. The Navajo Sandstone of the Colorado Plateau behaves in  this manner 
as does its time equivalent in southern Nevada, the Aztec Sandstone. 
Figure 3a i s  a radar image in  southern Nevada to  the north of Lake Mead. 
Numerous bright specks on the HH image appear completely dark on the  HV image. 
These returns are produced by outcrops of the Aztec Sandstone such as pictured i n  
figure 3b. Such outcrops are devoid of soil and vegetation and present extensive 
areas of bare sandstone surfaces which are quite smooth, as shown in figure 3c. As i n  
the case of fine-grained volcanics, fine-grained massive sandstone presents a homo- 
geneous medium to the incident radar, as a result, the returning signal i s  dominated 
by reflection from the surface which again i s  specular and maintains its original 
polarization. 
The three rock types discussed are not the only ones capable of producing dark 
cross-polal-ized images, however they are the only ones thus far uncovered which do 
so on Ka-band imagery. Scale and resolufion appear to be the l imit ing factor; since 
an ideal surface has to  be of suff iciently uniform and sufficiently large i n  area to be 
delineated on small scale Ka-band imagery. Wi th  the employment of higher resolution 
mu1 tipolarized radar systems this type of radar return may become more important in  
the interpretation of radar imagery and may be found to be produced by additional rock 
types. 
Non-depolarized reflection i s  dependent upon smooth surfaces, as a result 
the production of dark cross-polarized images by rock surfaces i s  frequency dependent. 
The interrelationships of frequency and polarization i n  the production of radar images 
o f  various natural surfaces i s  an area that needs further study. The possibility exists 
that the combination o f  a multipolarization capability with one or two different 
frequencies could provide the same amount of terrain information as the use of several 
frequencies with the same polarization configuration. 
CONCLUDING REMARKS 
Three rock types: (1) geologically recent blocky lavas, (2) some Tertiary 
volcanics and (3) certain massive sandstones produce radar images characterized by 
bright like-polarized returns and dark cross-polarized returns. Outcrops of the three 
rock t y p s  discussed share certain features; rock surfaces that are large in  
comparison with the wavelength of the incident radar are abundant and detrital 
material and vegetation are of secondary importance; the planar surfaces appear to 
signif icantly contribute to the returning radar energy with this energy maintaining a 
constant polarization; the outcrop areas are of sufficient size and sufficiently uniform 
character to be delineated on small scale K-band imagery. In addition, this mode of 
reflection may become of more importance inthe design and ut i l izat ion of future rada~ 
systems. 
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3a HH and H V images of southern Nevada showing numerous tom.] I reversals caused 
Aztec Sandstone. 
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SECTION 37 
THE STATUS OF PARAMETRIC STUDIES 
IN RADAR AGRICULTURE 
Stanley A. Morain 
Center for Research, Inc. 
University of Kansas 
Lawrence, Kansas 
A brief overview of geoscience tasks under NASA Contract NAS9-10261 i s  
given, followed by a report on the status of parametric studies for radar agricultural 
determinations. The overview w i l l  out1 ine this year's progress on 1) an information 
system for agriculture based on the use of remote sensor data by county agents; and 
2) the design, testing and implementation of interpretation keys for agriculture. 
The task of crop identif ication from radar imagery i s  a complex problem 
involving the intersecting geometries of two "real worlds:" that o f  SLAR design para- 
meters and that of biot ic parameters. Through appropriate design strategy we are 
able to conduct a series of semi-controlled experiments on combinations of radar 
variables to evaluate their influence on radar return from crops. To illustrate the 
0 
approach, approximate a values for sorghum are presented for two frequencies 
each having two polarizations and a range o f  viewing angles. Analyses are underway 
to simultaneously evaluate al l parameters measurable from the imagery for each crop 
type and growth stage. Our greatest needs at present are 1 )  to expand the data base 
i n  both the frequency and angular domains; 2) to  improve quality control i n  the signal- 
to-image-to-digitizer transformations; and 3) to speed up data extraction from 
computer maps. 
INTRODUCTION 
Radar agricultural studies a t  the University of Kansas are being conducted by 
geographers, consequently the interest i s  aimed more at spatial information (the 
introduction and diffusion of phenomena into an agricultural scene) than to other 
types of agricultural information. With this i n  mind we w i l l  present a scenario of 
how we view the role of radar i n  an agricultural monitoring program. For a more 
complete statement of our overall program goals and progress, see Morain (1 972). 
All  o f  the work i n  this report i s  funded under Contract NAS9-10261. 
IMAGE INTERPRETATION 
Our research approach i s  directed along two lines: the development of 
interpretation strategies using radar imagery; and, the evaluation of signal/terrain 
interactions to aid i n  crop identif ication. These lines of effort are complimentary 
to one another though not mutually dependent. Among the most important aspects 
of the interpretation approach i s  our recommended strategy for information extraction 
and dissemination and our studies into the use and development of radar dichotomous 
keys. 
The Information System 
Figure 1 i s  a first approximation of an information system designed solely for 
agriculture. I t  i s  an "information system" in  the strictest sense of the word rather 
than a data acquisition system. I n  the presentation of Figure 1 data are returned 
from some form of agricultural satellite to a data return faci l i ty from which i t  can 
be disseminated to counties as needed. Our strategy really begins with what happens 
at the county level. We envision the capability for automatic data processing of 
both image and digital data and that automated dicotomous keys w i l l  be among the 
available algorithms. Since the county agents are most familiar with their own 
particular area (of the number of acres in  production, the local weather conditions 
for crop production, the nature of local diseases, etc.), they should be in the best 
position to accurately and closely interpret data returns from remote sensors. I n  
addition they are in a position to very quickly disseminate information at the local 
informa,tion user's level. Such users are indicated in the diagram. 
From the in i t ia l  interpretation and acquisition of information at the county 
level, the diagram shows a flow upward through the agricultural hierarchy through 
state and regional offices to the national and international scene. A t  the state and 
regional level, data from counties can be aggregated and put into a broadened frame 
of reference. A t  these levels we find a somewhat different user group, with different 
information needs, so what was earlier considered "information" at  the county level 
reverts to data for the region. Finally, at the highest levels in  the agricultural 
hierarchy, we can see sti l l  another user group with different needs than the previous 
group. Th is  information can be created by further aggregation and reprocessing 
results from lower levels. The diagram in Figure 1 i s  really no different from the 
agricultural system as i t  now exists, but i t  represents a change of thinking for remote 
sensing. To the author's knowledge other so-cal led " information systems" have assumed 
a beginning point at  the top and disseminate information downward. Clearly this i s  
not the most eff icient strategy i f  information needs are tied to higher frequency data 
acquisition. To illustrate the concept of a county agricultural interpretation center, 
Figure 2a, showing an artist conception of  ADP hardware, has been extracted from 
the work of Lorsch (1969). Figure 2b i s  essentially the same idea but shows what 
might evolve at the Regional Data Center. 
Figures 3a and 3b represent the pattern of idle land as i t  might appear in the 
year 1980. These drawings are modified from an article by Mayer and Heady (1969) 
and are included here to suggest the possible economic-geographic uses of agricult- 
ural information extracted from a future remote sensing system. Figure 30 shows the 
pattern of idle land based on acreage quotas. One can see that the distribution of 
idle land i s  fair ly well distributed throughout the country and that no particularly 
large areas are idled from agricultural production. Figure 3b, however, shows the 
pattern of idle land based on a free market economy. In  this case we see that the 
distribution of idle land has shifted significantly and that the spring wheat belt i n  
the Dakotas, as well as much of the agricultural land of the South, are taken out of 
production. Presumably, under the acreage quota system these two areas can compete 
i n  the market place, but under a free market economy they cannot successfully compete. 
These kinds of trends could, and we think eventually wil l ,  be monitored by 
remote sensing systems. They w i l l  serve a function not only i n  tel l ing us where the 
major areas of id le land may reside but they may also be useful i n  guiding our 
decision making process regarding the kind of policies we want i n  the agricultural 
community. I n  each part of the country the appearance and characteristics of idle 
land w i l l  change and i t  would be very diff icult, indeed, for a system based on the 
dissemination of information from the top downward to ever monitor idle land. If, 
on the other hand, we work from the county level upward, we can be rest assured 
that the county agent knows what attributes to look for i n  identifying idle land and 
these data can then be aggregated at regional and national levels into the kinds o f  
maps represented in  Figure 3. 
Dichotomous Keys 
To aid i n  the implementation of the information system described above we 
are pursuing a number of interpretation strategies to aid the county agents i n  
information extraction. Amongst the most useful of the strategies so far investigated 
i s  the dichotomous key. These were reported last year at the 3rd annual review. I n  
the meantime we have prepared keys for Ka-band, X-band, and Ku-band radar 
imagery, for both natural and cultural vegetation categories. When reported last 
year we had just begun to automate one of the Ka-band keys from the Westinghouse 
1965 overflight of Garden City.  A t  that time we were achieving on the order of 
50% correct idenfication of crops using a set of Yes/No decisions based on human 
interpretation of the imagery. Since our preliminary trials, we have improved the 
keys as wel l  as our abi l i ty  to make and automate them, to the extent that we can now 
correctly identify between 75 and 80% of the cropped fields at Ka-band in September. 
We are confident that we can push this level even higher but we are reaching an 
impass because agricultural data come in county size blocks. 
I n  order for us to real ly test the u t i l i t y  o f  these keys, and of this approach, 
we are now in cr i t ical  need of radar imagery for the whole o f  Finney County and 
at specified times of the year so that we can compare our results with those of the 
county agriculturalists and the state statistician. From the standpoint of the informa- 
t ion system,keys are potential ly extremely useful because they can be created by 
county agents, who, as we have already indicated, know the situation i n  their county 
very wel l .  We hope to  have a f inal  report out on the use and implementation of 
dichotomous keys by June, 1972. I n  this report we w i l l  include the general algorithm 
for automating keys on IDECS-I ike hardware. I n  the algorithm now i n  use, keys for 
specific identif ication problems are inserted as subroutines. I n  this way subroutines 
based on any type o f  imagery, any time of the year, or for the identif ication of 
particular terrain conditions, can be inserted for rapid analysis. Figure 4 i s  an 
example of the October 1969 X-band key which illustrates the concept of keys for 
agricultural landscapes. Figure 5 i s  a "matrix" key for the identif ication of forest 
types at Ye1 lowstone. I n  the forthcoming report on keys we discuss the relative merits 
of each of these approaches and the degree to which they can be successfully automated. 
PARAMETRIC STUDIES 
Under the radar agricultural subtasks of NAS9-10261 we are engaged i n  a 
number of studies aimed at evaluating signal/terrain interactions for agricultural 
scenes. A br ief  review o f  these studies was given at  the 3rd annual review a year ago 
and need not be repeated here. Progress on these experiments has either been 
reported, or w i l l  be reported shortly, i n  the form of technical reports. Rather than 
outl ine a l l  of  the material here i t  would be more useful to summarize our progress on 
parametric studies. 
Background 
Almost a l l  of the radar parametric studies to date have been conducted using 
one o f  three or four frequencies: the Westinghouse Ka-bond imagery from 1965; the 
NASA Ku-band imagery f lown at various times in  1969, 70 and 71; and X-band 
imagery f lown by Michigan in  1969 and 1971. I n  a l l  o f  these frequencies, for 
the entire range of  look angles represented and polarizations obtained, we can extract 
image densities for every crop type and state a t  Garden City.  What we are attempting 
to do i n  N-dimensional space i s  isolate those particular combinations of  frequency, 
polarization, look angle and time which give us the best discrimination of particular 
crop types or crop states. This strategy i s  diagramed in  Figure 6 on which i s  shown 
only three parameters: frequency, look angle and polarization. Intui t ively,  given 
two nearly identical crops such as corn and sorghum, one would expect that somewhere 
in  this data space corn and sorghum could not be discriminated. I n  another sector, 
however, these two crops may be ~ a r t i a l l ~  identif iable and in  yet another part, the 
two may be entirely distinguishable. We are looking for those areas where crops 
can be identif ied. I t  does not mean that, should we f ind such combinations, a l l  
crops w i l l  be identif iable wi th  that combination of parameters, merely those under 
part icular scrutiny. Th i s  reasoning argues strongly i n  favor of polyfrequency radar 
so that we can acquire a fu l l  compliment of  frequencies look angles, and times in the 
growing season. Under the present array of  data available to  us, as shown in  Figure 7, 
i t  i s  clear that we cannot achieve our goal without a more complete data set. Work- 
ing wi th  single frequencies i s  exact ly the same as working with an extremely narrow 
band filter, and we cannot even be sure that the frequencies available are the 
optimum "f i l ters" for viewing the. kinds o f  terrains we want to view. For a l l  we know, 
we may be looking at agricultural landscapes through the equivalent of  a blue f i l ter .  
Image-based Studies 
A l l  of  the available imagery from the systems described above, wi th  the 
exception o f  the Michigan X-band data, have been digi t ized by Optronicsat a 50 
micron ce l l  size. From these data we are extracting means, standard deviations, 
and other measures for each f ie ld  i n  the agricultural scene. Dr. Haralick has been 
working wi th  the same digi t ized data i n  his pursuit of image texture. Progress on 
that work i s  reported i n  the next paper. 
I n i t i a l l y  we began these studies using only the high quali ty fields as described 
by  our f ie ld  teams. I n  order to increase the data set, however, we more recently 
began using a l l  o f  the information for each crop type, irrespective of  the crop quality. 
We know this injects terrain "noise" into our results, but there seems to be l i t t l e  
alternative. 
Results. - To il lustrate the k ind of  results we are getting, Figure 8 represents 
a 3-dim-   lot for sorghum i n  July. We have plotted the image density 
against viewing angle and frequency, using the Ka and Ku-band systems. The 
results seem to indicate that for these two frequencies there i s  no particular best 
viewing angle where image density variations are minimized. The addition of other 
image parameters might improve the situation as regards this particular crop and 
certainly such N-dimensional approaches should be pursued. A t  the present time 
we are engaged in similar kinds of investigations for other crop types using this 3- 
dimensional model i n  hopes that when one crop i s  overlayed on another we w i l l  see 
the extent to which their data spaces overlap. Space does not permit even a begin- 
ning to a discussion of this topic. For further information the interested reader i s  
referred to Morain, 1972. 
Non-Image Based Studies 
The only system presently available to us that i s  capable of obtaining back- 
scatter values across a range of frequencies i s  the polypanchromatic system developed 
at the University o f  Kansas. This system operates in  the 4-8 GHz region over a 
range of viewing angles from nadir out to 70'. As part of the in i t ia l  tests of this 
system last summer, the geography group was engaged i n  two separate studies. The 
first focused on backscatter returns from soils under different conditions and the 
second focused on returns from corn. 
Soil Studies. - Previous soil studies together wi th observations from the 
imagery suggest there i s  almost certainly a moisture/roughness trade-off i n  backscatter 
from soi Is. That i s  to say, a dry/rough surface may give exactly the same return as 
a moist/smooth surface. I n  our use of the polypan system, therefore, we rotot i l led 
a small f ie ld  near the Center for Research to 3 broad roughness classes (roughness 
here characterized i n  terms o f  micro-relief rather than i n  soil texture). After 
obtaining backscattering cross sections from these three different roughness categories 
i n  their dry state (about 15% moisture by volume) we wetted the fields by hand to 
bring their moisture content up to near field-capacity (about 30% moisture by volume). 
Thus we had three different roughness categories and two moisture conditions for which 
we obtained data. 
Results: I n  Figure 9 we have plotted the backscattering cross sections from 
a few spot frequencies within the 4-8 GHz range at selected viewing angles. The 
results clearly il lustrate the tendency for returns to "string out" at any given 
frequency and look angle. There i s  no suggestion i n  the diagram that any one freq- 
uency or look angle i s  best for discriminating these soil conditions. On  the other 
hand we must remember that not a l l  of the data have been plotted and that there may 
be other frequencies and look angles i n  the 4-8 region where the data might cluster. 
I t  might, i n  fact, be possible, using these more or less continuous data, to create a 
mean trend surface for each of the six soilconditions to see whether or not they are 
discriminable. 
Corn Studies.- The corn experiment was aimed precisely at evaluating the 
contribution of moisture i n  crop backscatter. A t  the time microwave data were taken, 
f ie ld members took measurements of soil moisture and temperature. Stratified plant 
samples were collected and later processed for their moisture content. We have 
partitioned the moisture measurements into two categories: 1-foot whole plant incre- 
ments; and stalk, leaf, and cob increments. 
Results: We have not finished our analysis of these moisture data. However, 
there i s  a preliminary suggestion (which needs further evaluation) that at particular 
frequencies and look angles moisture in  corn i s  high!y detectable. The implications 
of this are exciting and far reaching. The diagram In Figure 10 represents the 
backscattering coefficients 'from corn looking diagonally across the rows for the same 
set of frequencies and look angles as presented in Figure 9. We see the same kind of 
stringing out in  the returns, except that in the case of corn there seem to be some 
frequencies and look angles where the data cluster rather nicely. Whether or not 
these frequencies and look angles would be useful as identifiers for corn remains to 
be seen. We need to carry out similar studies with related crops such as sorghum 
and with grossly different crops such as-soy bean or sugar beet. Our experiments 
this coming summer w i l  I, i n  fact, be along these lines. 
CONCLUDING REMARKS 
In  general the radar agriculture work can be divided into two broad sectors: 
The development of interpretation strategies for imagery, i n  which our emphasis so 
far has been on dichotomous keys; and the search for frequency, angular and other 
microwave dependencies of crops for use in  discrimination. These two sectors are not 
mutually exclusive because many of the ideas generated from the parametric studies 
can, and are, being used in the development of interpretation strategies. I n  
assessing our overall progress we seem to be making more headway in the area of 
interpretation strategies than in  the parametric studies. We hope in  the upcoming 
growing season to divorce ourselves a l i t t le  more from the Garden City test strip and 
begin to obtain data on a county wide basis. This i s  crit ical because agricultural 
data come in county-size units. Unless we get information on this scale there w i l l  be- 
no basis for comparing our results with those obtained by standard USDA techniques. 
So far we have had one fl ight over the whole of Finney county i n  June of 1971 
(NASA 16-5 system). We have produced a mosaic from that imagery (Figure I 1) and 
we w i l l  be able to use i t  for preliminary studies of acres i n  wheat and total acres i n .  
production. The mosaic w i l l  provide us a temporal base-point which w i l l  be useful 
i n  monitoring the spread of such phenomena as circular irrigation, the spread of crops 
such as sugar beets, and many other phenomena. I n  closing I might also point out 
that only by obtaining imagery on a county wide basis and comparing our results with 
traditional techniques w i l l  we be able to cost evaluate the abi l i ty of radar as an 
agricultural remote sensor. 
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D a t a  P r o c e s s i n g  F a c i l i t i e s  i n  Agriculture 
a )  The c o u n t y  A g e n t ' s  O f f i c e ;  b )  The R e g i o n a l  O f f l c e .  
( A f t e r  L o r s c h ,  1 9 6 8 )  
FIGURE 2. 
a .  P R O P O R T I O N  O F  T O T A L  C R O P L A N D  U N U S E D  F O R  M A J O R  C R O P S  I N  E A C H  
O F  T H E  1 4 4  CROP P R O D U C I N G  R E G I O N S  U N D E R  AN A C R E A G E  Q U O T A  
P R O G R A M  W I T H  T R E N D  L E V E L  E X P O R T S  I N  1 9 8 0 .  
b. P R O P O R T I O N  O F  T O T A L  C R O P L A N D  U N U S E D  F O R  CROPS I N  E A C H  O F  T H E  
1 4 4  P R O D U C I N G  R E G I O N S  U N D E R  A  F R E E  M A R K E T  W I T H O U T  C O T T O N  
Q U O T A S  A N D  W I T H  T R E N D  L E V E L  E X P O R T S  I N  1 9 8 0 .  
FlGURE 3 .  
O F  C R O P L A N D  U N  
7 5  % A N D  O V E R  
5 0 . 0  - 74.9 96 
2 5 . 0  - 4 9 . 9  % 
0 - 2 4 . 9  % 
U S E D  
FIGURE 4 .  
PROBABILITY* K!ZY FOR CROP TYPES AT GRRDEN CITY, KANSAS 
for 
OCTOBER 
(Derived from Radar Imagery) 
A .  Field has  a moderately hlgh t o  hlgh return (light grey t o  white on radar positive) (with respect  t o  HH) 
B. Field has  a homogeneous** tone (with reference to  H a  
C .  Field displays  a shift  i n  tone from HH (lighter) t o  HV (darker) 
D .  Amount of  tone shi f t  i s  relatively unpronounced 
E * tone is homogeneous ----------------- ------------ sugar  beets :  or wheat  > 3" 
EE. HV tone i s  not homogeneous--------------------- fdbw 
DD.Amount of tone shift  i s  relatively pronounced 
C C .  Field does  not d isplay a tone shi f t  HH (lighter) to HV (darker) 
F .  Field displays  a tone shl f t  from HH (darker) t o  HV (lighter) 
G .  Field has  evident lineations-------------------------- Cut a l fa l fa  
GG.  Field does  not have evident l ineat ions  
FF. Fie lds  does  not d isplay a tone shi f t  from HH (darker) t o  HV (lighter) 
BB . Field does  not have a homogeneous tone 
AA. Field does  not have a moderately hlgh to  high return 
H .  Field has  medium low to  moderate return (medium dark t o  medium light on radar positive) 
I .  Field has  a homogeneous tone (with reference to  HH) 
1. Field has  l ineat ions  parallel to long ax i s  of field 
K .  Tone shlft  i s  evident  from HH (dark) t o  HV (light) -------maturing a l fa l fa  ( f l d  irrigated 
KK. Tone shift  i s  not evident 
JJ .  Field does  not have lineations 
L .  Field displays  medium coarse  texture (particularly on HV image)----qrain sorqhum 
LL. Field has  no obvious image "texture" (rows I flight line) 
M .  Field has  a moderate tone shift  (HH to HV)--------alfalfa > 12" 
M M .  Field has  an  unpronounced tone shi f t - - - - - - - - - - - - -what  > 2' 
Il. Field does  not have a homogeneous tone 
N .  Cultivation pattern i s  obse rmble  (particularly on HV image) ---emergent wheat 
N N .  Cultivation pattern i s  not observable 
0 .  Boundary shadowing i s  observable---------------------mature w r n  
00. Boundary shadowing i s  not observable 
HH. Field does  not have moderately low to  moderately high return 
P .  Field has  very low return (very dark grey to  nearly black on radar posltive) 
Q .  Field has  a homogeneous appearance-----------------------recently t i l led  
QQ.  Field does  not have  a homogeneous appearance 
PP. Field does  not have very low return 
 his key i s  experimental.  I t  i s  based on only one look-direction (and for  a narrow range of incidence angle$ for 
one flight during October 1969 - almost a t  t he  end of t he  growing season  for that  yea r .  I t  i s  a probabllity key in 
t he  s e n s e  that only the  most l ikely ,  economically important crops a re  indicated for any  given spo t  i n  the  l i s t i ng .  
To u s e  l t  t he  interpreter must make a s e r i e s  of yes/no decis ions  until  a logical  end point is reached.  For 
example ,  t he  f i rs t  decis ion re la tes  t o  image tone: does  the  f i e ld  have a high o r  moderately high r e t u n  (A) 
or does  i t  not have such  a return (AA) ? If t he  answer  i s  A A ,  then for subsequent  dec l s ions ,  that  portlon of the 
key above AA can  be  ignored, and the interpreter 's attention focused on material l i s ted  below AA. The second 
decis ion would then be  whether or not t he  field had a medium low or moderate return (HV v s .  HH In the  
key) .  The process  continues in th is  fashion until  no further choices  can  be made. Notlce tha t ,  if t he  location 
PP Is  reached,  an  error in judgment has  been made. When th i s  happens the entire process  must be  repeated.  
Slmilar reasoning appl ies  to points BB, DD,  G G ,  FF, K K ,  00. and QQ, though future revis ions  of the key may 
provide information a t  t hese  locat ions .  
t* 
Homogeneous"  refers t o  the  uniformity of return intensity within the  boundaries of a glven f i e ld .  i . e . ,  there i s  
no evident mottling of t one .  
VERBAL KEY TO THE VEGETATION OF 
YELLOWSTONE NATIONAL PARK 
COARSE MEDIUM HH ' FAINT ABSENT 
(TEXTURE) (TEXTURE) (TEXTURE) (TEXTURE) 
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Figure 5 . Verbal matrix key to the  various vegetation communities which were develaped from radar imagery. 
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SECTION 38 
DATA PROCESSING AT THE UNIVERSITY O F  KANSAS 
Robert M. Hara l ick  
Center for Research, Remote Sensing Laboratory 
University o f  Kansas 
Lawrence, Kansas 
The Universi ty of Kansas has taken a two-fold approach to  the data processing 
of remotely sensed imagery. Our  approach has been based upon the need to  have a 
special purpose hardware f ac i l i t y  for the near-real time processing o f  mult i- image 
data and the need to  have a general purpose d ig i ta l  computer f ac i l i t y  for the more 
sophisticated non-real time processing. Our  near-real time f ac i l i t y  i s  ca l led IDECS 
(Image Discrimination Enhancement Combination System) and our non-real time 
f;lcility-is ca l led  KANDIDATS (Kansas D ig i ta l  Image - Data - System). These fac i l i t ies  
have been funded from both NASA and-DOD sources. 
THE NEED FOR A DUAL APPROACH 
During the next decade there i s  a large amount o f  research yet  t o  be done on 
data processing methods i n  order to br ing the maturity o f  data processing up t o  the 
maturity of  sensor technology. Yet, whi le  this research i s  being done, many remotely 
sensed data sets from both aircraf t  and satel l i te platforms w i l l  have to  be processed. 
Important constraints are, therefore, imposed on the remote sensing data processing 
center. I t  must have a f lex ib le  enough computational f ac i l i t y  t o  implement and 
evaluate new ideas so that basic long range research on ef fect ive processing algo- 
rithms can be done; and for those data sets which now have to  be processed quickly, 
i t  must have near real-t ime equipment to  process and display those image sets 
economically. 
For the near real-t ime equipment, i t  i s  extremely important that  the man- 
machine interface be as convenient as possible for ihe interpreter since a l l  image 
data i s  u l t imate ly  u t i l i zed  by a human interpreter i n  some form. A color display i s  
very useful for presenting image data to  an interpreter since the human eye can 
distinguish differences i n  colors more readi ly  than differences i n  grey levels. IDECS 
i s  one o f  the first systems to  u t i l i ze  a color display for presenting remote sensing data 
and i t  i s  described i n  the next section. 
A HARDWARE.SYSTEM FOR 
M U L T ~ M - A G E  PROCESSING: IDECS 
The IDECS (Image Discrimination, Enhancement, and Combination System) 
i s  an analog-digitalHnear real-t ime image processing system a n d  has been i; continual 
development at  the University of  Kansas Center for Research, Inc., since 1964. 
The IDECS i s  a unique fac i l i t y  for performing a wide var iety o f  enhancements, 
measurements, and category discriminations on single and mult ip le images. Currently, 
the input images must be i n  photographic form, bu t  their  source may be aerial and 
L 
space photography, airborne radar, infrared, multi-spectral scanners, medical and 
industrial X-rays, or maps. The primary IDECS output i s  on a color display unit; 
however, other outputs include a black-and-white monitor, area measurements on a 
counter, and a pseudo three-dimensional display. 
A photograph of the IDECS i s  shown in  Figure 1, and a block diagram of the 
total system i s  shown i n  Figure 2. The input to the IDECS consists of three flying- 
spot scanners suitable for inputting image transparencies from 3 x 4 inches to 35 mrn 
format, a vidicon camera ut i l ized for map or photographic inputs, and a congruencing 
uni t  which can rotate, translate, and scale images. The image scanners have the 
fol lowing three modes of operation: 
(1) a continuous scan where the horizontal and vertical deflections 
for the CRT are driven by  ramps which are synchronized wi th the 
display units, 
(2) a staircase or dot scan where deflections are determined by the 
output of two digital-to-analog converters driven by two binary 
counters which are synchronized w i th  the display unit, or 
(3) a PDP-15/20 computer controlled slow-scan, where the scanning 
dot i s  moved horizontally and vert ical ly to specific location. 
Modes (1) and (2) are used when real time processing i s  desired, and the program 
control led scan i s  used to gather information from specific areas of the f i lm for 
training purposes and also to obtain a more accurate analog-to-digital conversion 
when necessary. Images to be scanned are positioned above the raster w i th  a? 
enlarging lens placed between. A condenser lens focuses the l ight transmitted through 
the image onto the cathode of a video photomultiplier tube. A reference photo- 
multipl ier tube and an automatic gain control (AGC) loop to modulate the cathode 
of the CRT are used to assure uniformity o f  l ight level over the entire area of the 
image being scanned. The reference photomultiplier tube i s  placed beside the 
enlarging lens and senses the l ight output from'the raster at fu l l  valve. The desired 
signal i s  used as an input into the A G C  amplifier which i s  an error amplifier with a 
voltage reference. The resultant error signal i s  level shifted and i s  used as the 
signal to modulate the cathode of the CRT. 
The operator can congruence multiple images by adjusting the position and 
size for horizontal and vertical position and rotating one image with respect to 
another image as the two images are electronical ly flickered. When the images are 
aligned, the displeasing interference pattern which occurs for misaligned images 
disappears. 
Once the images are congruenced, they may be processed and enhanced by 
IDECS. There are a variety of processing and enhancing functions available. One 
function i s  a linear combiner uni t  which performs CI linear transformation on a 
multi-image set i n  1/30 of a second. This unit  may be used for coordinate rotation 
i f  the coefficients of the linear transformation are selected appropriately. Another 
function i s  level selection. A level selector produces a binary output for an image 
i f  and only i f  the input video signal i s  between two adjustable thresholds. The level 
selectors can be operator controlled or computer controlled. I n  addition, two more 
level selectors can be logical ly  combined producing an output i f  and only i f  each one 
has an output, thus implementing a M I N - M A X  decision rule. 
The automatic classifier i s  a uni t  (not computer controlled) which i s  used to 
select and display a l l  points on a video image whose levels fa l l  wi th in the same range 
of level as those detected i n  a small rectangular training area of the image. The 
position and size of this training arec i s  selected using a small joy stick to determine 
position, and control pots are used to adjust vertical and horizontal size. To accom- 
plish this operation, a rectangulcr training area i s  first defined on the image. Then 
peak detectors sample and hold the positive ar.0 negative signal peaks wi th in the 
range of the training arec. The remaining portion of the video signal i s  then com ared 
wi th the peak levels of  the training area; whenever the video signal falls within t e 
training voltage range, a digi tal  output i s  produced for prccessing or display. 
rl 
Other functions include a uni t  to  measure the area of any displayed category 
or grey level, a variable time constant differentiation unit to  enhance edges and a 
pseudo three-dimensional display unit which permits one to view the three-dimensional 
surface generated by the grey tone density of an image. Soon to be implemented i s  
a near real-time (1/30 of a second) table lookup pattern classifier which assigns cate- 
gories on the basis of the digi t ized levels o f  two video signals and stored parameters 
for a Bayes decision rule. 
A recently acquired PDP-15/20 computer i s  being interfaced to the system so 
that the IDECS can be program controlled and have a wider capabil i ty i n  performing 
image enhancements and category identifications. I n  effect, the PDP-15/20 w i l l  
perform the task of generating a decision rule from data gathered by the IDECS, and 
the IDECS implements the resulting rule (in near real-time) on data derived by scanning 
the images. I n  general, f ive steps w i l l  be required i n  performing category ident i f i -  
cations for images: 
(1 ) the images must be congruenced, 
(2) training data must be obtained by the computer from the images 
by directing the IDECS to scan appropriate areas, 
(3) from the training data, the PDP-15/20 i s  programmed to. determine 
the parameters for the chosen decision rule, 
(4) the calculated parameters are used to set control voltages i n  the 
analog processing subsystems i n  the lDECS, and 
(5) the specified category identifications are made and displayed 
by IDECS. 
The PDP-15/20 w i l l  control the image processing ste s of the IDECS by issuing 
commands to the IDECS central processing unit (CPU 7 . The CPU i n  turn directs data 
f low and processing i n  the IDECS. The system configuration can be d ig i ta l ly  selected 
ut i l iz ing a twenty by twenty video configuration matrix. 
A d ig i ta l  disc memory having twenty-four channels and containing 24,000,000 
bits o f  storage i s  also u t i l i zed  i n  the system. There i s  an interface between the disc 
and computer capable of  transferring a t  the rate of  18,000,000 bits per second. 
Also, there i s  an interface between the disc and the color display un i t  o f  the IDECS 
w i th  the capabi l i ty  o f  up to  three six-bi t  d ig i ta l - to-analog converters or any number 
o f  binary outputs between one and twenty-four. The color selector i s  a un i t  such 
that any o f  the twenty-four channels o f  the disc can be assigned any o f  ten f ixed 
colors and any of  ten textures. The textures are merely series of  horizontal and 
vert ical  lines superimposed on the displayed information. Figure 3 illustrates one 
image from a radar image pair and the IDECS processed image. 
A SOFTWARE SYSTEM FOR DIGITAL IMAGE PROCESSING: KANDIDATS 
KANDIDATS (Kansas D ig i ta l  Imcge Data System), currently being developed, 
i s  a software packcge consisting o f  a honito;and-a set of  multi-image processing 
programs designed to run on a GE-635 computer. The multi-image processing programs 
are a l l  wr i t ten in  FORTRAN I V  and a l low for image edit ing, registering, congrvencing, 
qucntizing, clustering, feature extraction, image size and/or dimensionality reduction, 
image texture analysis, image pattern recognit ion. I t  has a variety of  decision rules, 
data display capabi l i ty  w i th  scatterograms and histograms, grey-tone image display 
w i t h  overpr int ing or d ig i ta l  image color map display. The KAI IDIDATS monitor i s  a 
GMAP assembly language program designed to  integrate the multi-image processing 
programs by  handl ing a l l  bookkeeping type and 1/0 operations and to minimize the 
cost of  processing image data b y  speeding up 1 1 0  time and overlapping 1 / 0  time 
w i th  execute time. Figure 4 il lustrates a block diagram o f  the basic KANDIDATS 
organization. 
The KANDIDATS monitor inputs i n  free-format a l l  instl-uctions required by  
the image processing program, supervises the execution o f  the programs, provides 
error processing, and dynamic storage a l locat ion and tape input and output for the 
programs. The monitor has been wri t ten so that during a single ac t i v i t y  o f  K A N D I -  
DATS many processing programs may be sequential ly executed using many different 
data sets. The monitor does this b y  treating each program as a separate task and 
b y  a l locat ing and releasing data tapes as necessary. 
Once remotely sensed data i s  converted to  d ig i ta l  type format, i t  i s  
necessary to  check the d ig i t ized tape to  see o f  the conversion was made successfully. 
Preliminary checking can be done by dumping the first few records on the tape; 
however, this i s  by  no means a complete check. The KANDIDATS image display 
program can make a complete check by outputt ing the tape i n  picture format on the 
d ig i ta l  pr inter creating the grey-tones by overprint ing. I f  the image has so many 
resolution ce l  I s  as to make the d ig i ta l  p icture pr in t ing awkward, a program may be 
u t i l i zed  which reduce the image size by  averaging blocks o f  N x N resolutions or TR by selecting every N row and every N'" column. 
Examination o f  this picture output w i l l  indicate what k ind  o f  ed i t ing w i l l  have 
to be done on the sides and top and bottom o f  the image as we l l  rrs indicate skewing 
and A I D  conversion distal-tion. (Skewing can occur because i t  may be impossible to  
start d ig i t i z ing  each l ine o f  the image i n  exact ly the s u m   lace. A/D conversion 
distal-tion can occur when j i t t e r  or noise internal or external to  the A/D conversion 
makes the conversion go awry.) I f  necesscr~ ;, a KANDIDATS deskewing program muy 
have to  be used to remove skew and a specigl smootl3ing-~,eplocement program may 
have to  be used for those resolution cel ls which were improperly converted. 
When mult i- image data i s  being processed, i t  i s  often necessary to  a l ign the 
indiv idual  images to  the same place. To do this KANDIDATS employs a registering 
program. When di f ferent sensors or the same sensors w i th  di f ferent look directions are 
involved it may be necessary to  br ing the images to  the same geometry. I n  this case 
a congruencing program must be used. 
When the geometries on the images to  be congruenced are qui te diffel-ent, the 
congruencing job may be quite hard. However, where only minor geometric distal-t- 
ions are involved, congruencing may be done by  a KANDIDATS program which 
treats the image as a rubber surface and expands or contrccts i t  to best matcli up a 
set o f  g iven coi.responding points. 
There are two formats b y  which multi-image data may be stored on taps by 
KANDIDATS. I n  the photo format a l l  the grey-tones from the first image are stored 
on a matrix fo l lowed by the grey-tones from the second image and so on. I n  the 
corresponding point  format the grey-tone from image on,: resolution ce l l  (1 , l )  i s  
fo l lowed by the grey-tone from image two resolution ce l l  (1, l) and so on. Edi t ing 
and cong ru~nc ing  imagery from di f ferent sensors i s  usually done w i th  data i n  photo 
form as i s  image display and texture analysis. Most of the other programs work most 
easily w i t h  the data i n  corresponding point  format. KANDIDATS has programs 
which convert multi-image data from one format to the other. 
Af ter  i n i t i a l  ed i t ing and congruencing i t  i s  convefi icnt to  obta in  an in tu i t ive  
idea of  what i s  happening i n  the data. To help w i t h  this, programs are avai lable 
which p i ck  out. specified regions on the image and display the data points i n  scattero- 
gram or histogram fashion. The scatterograms or'histograms lnuy be indexed by ground 
truth categories when the ground truth i s  avai lable.  The axes o f  the scatterograms 
may be combinations o f  pairs of  the di f ferent sensor signals or the axes of a rotated 
coordin.. !-e system. Rotation can be accomplished from pr incipal  component analysis 
or from l inear disc~,iminant functions and there al-e programs avai lable for these. 
operations. Either of  these operations w i l l  a l low a signif icant reduction of  dimens- 
iona l i t y  and, therefore, a l low a reduction i n  storage and display of  data, especial ly 
i n  12 or 24 channel rni.,lti--spectl.al scanner data., 
Before pattern discrimination or clustering i s  done, a feature extract ion i s  
performed which selects 'Iie relevant variables or which combines the or ig inal  
variables i n  some optir-nuin way. Sometimes as part o f  the feature extract ion process 
quantizing i s  done to  noimal ize the data as we l l  as to  reduce the memory required 
for storage of  the data. KANDIDATC has avai lable programs which do equal interval, 
equal probabi l i ty, mi nimurn variance, and spatial quantizing. 
When texture i s  an important feature for a category of interest, the 
dimensionality of the images may be augmented by a texture analysis program 
which adds dimensions providing texture type information. 
Probably, the major workhorse o f  image data analysis consists of pattern 
discrimination and clustering techniques. With pattern discrimination tec l~n i~ues,  
a training set of data i s  gathered f c ~  which the correct category identif ication of 
each distinct entity i n  the data i s  knowil. Then estimates are made of the required 
category condif-ional probabil i ty distributions and a decision rule i s  determined from 
them. The decision rule can then be employed to identify any other data set 
gathered under similar conditions. With clustering techniques there i s  no training 
data set or decision rule. Rather, the natural data structures are determined. 
Distinct struc '-ures are then interpreted as corresponding to distinct objects or 
environmen ta l processes. 
The advantage o f  the discrimination techniques i s  that the scientist i s  able to 
decide the types of environmental categories among which he wishes to distinguish. 
The decision rule then determines as best as possible, to which environmental cate- 
gory an arbitrary data entity belongs. The disadvantage of the discrimination 
techniques i s  that they are sensitive to mis-calibrations. Any slight difference between 
the sensor calibrations or state of environment for the training data and the new data 
w i  l l cause error. 
The advantage of the clustering techniques i s  that they are not sensitive to 
calibration problems. Two smal l-area patches of corn growing i n  the same f ie ld are 
going to be detected as being similar because they have similar grey tone assoc; .:ed 
wi th them. The disadvantage of the clustering techniques i s  that they are not able 
to identify the distinct environmental structures they determine. 
KANDIDATS has available iterative and chaining clustering programs and 
pattern discrimination programs. The pattern discrimination programs use a variety 
of decision rule types including a distribution-free Bayes rule which can only be used 
on coarsely quantized data, a Bayes decision rule assuming the category conditional 
probabilities are of some given type o f  multivariate distribution, a linear decision 
rule, or a nearest neighbor decision rule. 
Appendices I, 11, and 111 summarize a few of the things we are doing with 
K A N  DI DATS. 
CONCLUDING REMARKS 
- - 
Two systems for processing remotely sensed image dafa have been discussed. 
The first system, IDECS, i s  a neor real-time hardware systern oriented towards pro- 
cessing multi-image data sets quickly and economically. The IDECS has convenient 
f i lm input and color display output capabilities and implements simple kinds of 
decision rules. The second system, KANDIDATS, i s  a software system capable of 
performing many of the more sophisticated processing methods. Because of its monitor 
which handles a l l  bookkeeping and its modular design, KANDIDATS easily allows 
the testing o f  new automatic processing techniques. After a new technique has been 
proven on KANDIDATS, i t  may be simplif ied and hard-%ired i n  IDECS, thereby 
keeping the volume processing o f  remotely sensed data always up to the current 
state-of-the-art. 
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EI'JHANCEMENT A N D  N O R M A L I Z A T I O N  OF 
RADAR INIAGE 'TEX1 LIRE 
Texture has been o f  interest to  engineers and geoscientists a l i ke  because o f  
its potent ia l  as a useful discriminatit i t i  image category ident i f ica t ion.  Hence, one 
important preprocessing operation must be concerned w i t h  the cnliancement and 
normalization o f  imuge texture. Such an operation must br ing out in  normal form grey 
tone var iat ion due to texture and exclude grey tone vci-iations due to  look angles or 
f l ight  pal-ameter f luctions. 
Antenna patterns and f l i gh t  parameter fluctuations have been two factors most 
responsible for degradation o f  radar imagery. I f  we regard the degradation as 
addi t ive noise, enhancement o f  the irnage would, i n  a sense, be appropriate i f  there 
were means of  removing i-lie added noise. The 'streaks' paral le l  to  the l ine of f l i gh t  
i n  an imoye could be due to  f l iGh t  pal-anle;e~- fluctuations, sc r~ tches  ccused by 
hclndling o f  the inioge before digi t izet ion,  or due to clntenna pct tern and perpendi- 
cular 'streaks' could be due to  sccn lines. 
G iven  below i s  a mathematical forniulation, which i n  essence i s  the enhance- 
ment technique. 
Let Lx and Ly be the x and y spatial domains, G b e  the set of  grey tones and 
P:Lx x Ly - G be some d ig i ta l  p icture function o f  some more 01- less "homogeneous' 
object  0 , O :  L x x  Ly+G.  
The relationship between P and 0 i s  assumed to be of  the fo l lowing form: 
where cr ( i )  and r! ( j )  can be thought of as addi t ive row and column distort ion 
respectively. I f  we are in_terested i n  the te;.'ure o f  0, the average grey tone i s  not  
important and a funct ion P(i,j) can be determined such that 
,. f i  
P i , )  = P i )  - ( i )  - P ( j )  
where 
i s  minimized. 
n I-IIc. problem now i s  to  estimate a ( i )  and p ( j )  by (i) and p( j)  so that (3) i s  
~ ~ i ~ ~ i : ~ ~ i : < ~ d .  
A n 
1,. n ~ i l ~ i r n i z e  F with respect to (Y ( i )  and p (j)we take the partial derivatives, thus 
J A 
' ; 2 LP(L,,J _ y ( ( i )  - ~ ( J ~ ] C - L )  j i : / , 1 ,  - - - -  I ( 5 )  
I ' . . ( ~ j  J=T 
' .:!*,d - 
,-I F 
- 
- -2 [ ?(id) .- kc LJ - 5 (,)] (-2) j ; I ,  2, -.. 
, L = ,  J [  6 )  
s,.ttinq the p r t i a l  derivatives to  zero. 
,T:-.-ming ( 7) over a l l  i and multiplying ( 8 > by J, we have 
4 4 
. >  - J N ,  -IF, = O  
' . .  ( 9 )  
.I!rclcting equation ( lO) from ( 9 ) we have 
-'l.;rly by multiplying ( 7  ) by I and summing ( 8)  over a l l  j, we have 
- ;r,ll~tionr to equations (1 1) and (12) art. found to be 
Hence 
#. 
and the enhanced image P(i, j)  i s  then obtained by substitut ing equation (14) in to  
equation ( 2 )  and 
A 
The enhanced image P(i,j) i s  found to  have a zero mean, and also each row 
and column mean i s  zero. 
Figure 1 shows a simulated 5 x 5 'I-,omogeneousl image to which the enhancing 
technique has been applied. The 5 x 5 image shown i n  (c) o f  Figure 1 i s  the model 
w i t h  addi t ive noise. The 5 x 5 enhanced image shown in (d) o f  Figure 1 c lear ly  shows 
a 'dif fusion' of  the addi t ive noise. For s impl ic i ty o f  representation, image (d) has 
been quantized, and therefore does not have a zero mean. 
Figure 2 shows the enhancement technique appl ied to  a radar image. Part (a) 
shows a d ig i t ized radar image of  a sorghum f ie ld .  This f i e l d  was isolated from the 
radar image o f  a test site selected at Garden City, Kansas. The mission was conducted 
on September 15, 1965, by Westinghouse. Part (a) of  Figure 1 shows a computer output 
of the or ig inal .  Streaks running ver t ica l ly  and hor izontal ly show up very c lear ly  on 
the image. Part (b) shows the p ic tor ia l  v iew o f  the 'noise' which was subtracted out 
o f  (a). Part (c) shows the enhanced irnage. A l l  three images are represented by  13 grey 
tones and are qucnt ized using an equal probabi l i ty  routine. 
Figure 3 shows a larger area o f  the same test site and i s  made up o f  14 f ields. 
The imcges shown i n  the figure are positioned the same, re la t ive to one another, as 
they were on ihe ground. Each image i n  the figuic: i s  a representotior, o f  the noise 
subtracted out from ii. The streaks occurring i n  one f i e l d  carry on in to  the neighbor- 
ing fields. The ver i ica l  streaks (perpendicular to the l ine o f  f l i gh t )  are almost 
~ e r i o d i c  and, as stuted earl ier i n  this section, cou ld  be due to  s c c i ~  lines. The 
horizon:al streal<s may have been caused due to  scratches on the negative or due to  
antenl-,a pattern, bu t  to  pinpoint  their  cause a t  this stage, wi thoi l t  further research, 
would be d i f f i cu l t .  
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ABSTRACT 
An ir:ioge dota set o f  54 scenes was obtained from 1 8" 
b y  1/811 oreas on a set of 1:20,000 scale photography. t h e  
scenes which consisted o f  6 somples from each o f  the nine 
cotegories scrub, orchord, heavi ly w d e d ,  urban, sub- 
urban, loke, swamp, morsh, and rai l road yard wos ana- 
lyzed manually and automatically. 
For the automatic ona l r i s ,  a set o f  features tQ,..asur 
i ng  the spatial dependence of the grey tones of nci3hbor- 
ing  resolution cells was defined. O n  the basis of these 
features and a simple decision rule which assumed that the 
features were independent and uniformly distributed on 
ident i f icot ion accurocy of 70316 was ochieved by troining 
o f  53 samples ond assigning an ident i f icot ion t o  the 54th 
sample and repeating the experiment 54 times. This 
ident i f icat ion accurocy must be corn ored with the aver- 
age 81% correct ident i f icat ion whic ! five photointer- 
preters achieved w i t h  the same scenes, oltliough the 81% 
correct ident i f icat ion i s  the accuracy ochieved when they 
used the 9" x 9" photograph to  interpret from. Note  that 
the pho tq raph  is data o f  considera5ly higher resolution 
having much more ccntext ir.fo:r;,otion on i t  thon the 
small d ig i t i zed 1/8" x 1/8" area the automctic onolysis 
hod avai lable.  
The moin problem facing us i s  thot o f  feoture selec- 
t i on  of textural-contextuol information. The features 
thct  we may use are l im i ted  not only by the catholic 
constraint of pract ical i ty*,  but also by  our heuristic idea 
o f  texture-context information. 
In the next section we br ie f ly  go over the feoture 
selection problem i n  generol and i n  subsequent sections 
resent the in tu i t i ve  i dem behind what we hove termed 
'texture-context' features. The mothemoticol detoi Is of 
these features are then explained and some simple exam- 
ples are shown. The decision nok ing algorithms that 
were used ore discussed; results, including comporison 
w i th  interpretations by expert photointerpreters, and 
conclusions are i n  separate sections. 
For this study the doto sets were comprised o f  54 
d ig i t i zed 1/8" x 1/8" sections of standord 1:20,000, 
9" x 9" aer ia l  p l io tqrophy supplied by  the United Stotes 
Army Engineer Topographic Loborotories. Each imoge 
wus d ig i t i zed in to  a 64 x 64 resolution ce l l  matrix (and 
later into o 58 x 58 one because of some dark border 
effects encountered from the m a k  used i n  the d ig i t i za t ion  
process), and the levcls o f  d ig i t i za t ion  ranged from63 t o  
zero. There werc six data sets per cotegory ond 9 general 
categories: scrub, orchard, heav i ly  wooded, urban, sub- 
urban, loke, manli, swamp, and rai l road yard. 
PREPROCESSING A N D  FEATURE SELECTING 
The 'classical' block-box description of an automated 
pattern recogn i f im  system is bosed on four moin, not 
necessaril distinct, subsystem: 
( l r  the sensors or measuring instruments 
(2) the preprocessors 
(3) the feature selectors 
(4) the catcgorizor or  decision maker. 
The data which the senson or instruments ~ r o d u c e  are 
not always i n  the k ind  o f  normalized form wi th  which i t  
makes sense t o  work. For example, mony sensors or 
measuring instruments produce re lo l ive  measurements, i .e. 
the measurements ore correct up  t o  on addit ive or mult i -  
p l i ca t ive  constant. Despite cal ibrat ion efforts, this is 
part icular ly true for the camera-fi lm-digit izer system 
which produce th? dygital magnetic tope containing the 
digi t ized i m q ? .  Variations i n  l ighting, lens, film, 
developer, arid d ig i t i zer  a l l  combine t o  produce a grey 
tone value which is on unknown but usually monotonic 
tra,nsformotion o f  the "true" grey tone value. Under these 
conditions we would certainly wont two images of the 
same scene, one irnoge being a grey tone monotonic 
transformation o f  the other, t o  produce the same results 
from the pattern r e c q n i t i o n  process. I t  116 been 
!shown that normol izo t im by  equal ~ robob i ! i t y  quant iz ing 
guamntees that imoges which are monotonic transformotions 
o f  one another produce the same results. Hence, a l l  the 
images we used were quantized t o  16 levels. 
The sensors usuolly produce many rneauremenh Simple 
sensors such os an EKG machine prcduce 103 - l d s a m p l e d  
values whi le i m q e  semors prcduce 104 - 107 sensed grey 
tones. Compored to  the huge amount o f  data produced by 
the sensors, the cotegory distinctions we need to  make are 
relat ively few, say a choice o f  one out o f  ten t o  a hundred 
categories. This suggests that the pattern recognit ion 
system should be able t o  reduce the dota to  a more suc- 
c inct  form, el iminat ing much extraneous information (that 
information which i s ,  i n  general, not  re lat ive t o  the 
discrimination of the given categories). This sort of data 
reduction which produces the i n i t i a l  features i s  ca l led  
preprocessing or feoture selecting and unfortunately there 
exists l i t t l e  or no theory to  a id  i n  establishing what this 
preprocessing or feulure selecting should consist of .  Rother, 
this operation i s  determined intui t ively,  rat icnol ized 
heuristically and justif ied later pragmatically and empir- 
i ca l l y .  In the case o f  our texture-context p r o b l e ~ t h e  w e  
o f  various moments of the spatial grq. tone dependence 
motrices corresponds t o  this sort of preprocessing or in i t ia l  
feoture selecting. 
Research was supported by U.S. Army Engineer Topo- 
araohic Laborotorics. Fort k l v o i r .  Virainia. C O N -  
'With regard to  this point, i t  seems oppropriote to  note 
here thot a l l  featurc selection and decision mokiny 
algorithms wre wri t ten i n  FORTRAN I V  and implcment- 
ed on a PDP 15/20 digi ta l  cornputer w i th  12K core and 
two DEC tape drives. 
I t  is importont to  note that a primor chorocteristic K We assume thot the texturc-context informotion i n  an of  preprocessing or feature selecting i s  t e nunibcr o f  imoge I i s  contained in  the over-all or "overage" spatial 
operotions needed to  be performed i n  order t o  obtain the relationship which the grey tones i n  imoge I hove t o  one 
features. Quick procedures ore churacterized by  a another. More specifically, we shall assumc that this 
number of  operations propor t imal  to thc number o f  data texture-context information is adequately specif ied by 
points needing to  be processed. A l l  procedures which we the matrix of relat ive frequencies Pi; wi th  which two 
develop here ore quick i n  that sense. 
The next stage i n  feature selecting consists o f  remov- 
ing redundancies from the i n i t i o l  feotures. I f  the i n i t i a l  
features ore N-dimensional vec ton i n  Euclidean N-space, 
5 they are i n  our study, then i t  might be that a l l  the 
vectors l i e  i n  some K-dimensional f l o t  where K i s  much 
smaller than N. I n  this cose there are N - K  l inear con- 
straints to  which the i n i t i a l  feoture vectors are subject 
and i t  is possible t o  essentially rnointain a l l  the informa- 
t i on  i n  the features vectors by representing them by their 
coordinates i n  the smaller di~nensionol subspace or f lat .  
Such redundancy removal can be done by pr incipal  com- 
ponent analysis or by not using those feotures which do 
not contribute addit ional inforniation for the ident i f icat ion 
o f  the given categories. I t  is this lat ter  approach which 
we take here. 
The vo r iws  feotures which we suggest are a l l  a func- 
t ion o f  distance and ongle. The angular dependence 
presents o speciol problea. Sgppose imoge A h a  feotures 
a,b,c,d for angles 0°,45 ,90 ,135' respectively and 
imoge 0 is ident icol  w i th  imoge A except that imoge B is 
rotated by say 90' w i th  respect to A. Then B w i l l  hove 
features c,d,a,b for angles 0 ~ , 4 5 ~ , 9 0 ~ ,  135°respectively. 
Since the texture-context o f  A i s  the some as 8, any de- 
cision rule using the ;rngu!c: dzpence fectures ad b, c,d 
must produce the same results for c,d,o,b (a 90 rototion) 
or for thot matter b,c,d,a (a 45' rototion) and d,a,b,c 
(o 135' rototion). To guarantee this we do not use the 
angulor dependent fea!ure direct ly.  Insteod, we use 
some symmetric function o f  a,b,c,j: their averoge, 
range, ond mean deviation. 
SPATIAL GREY TONE DEPENDENCE 
Let Lx = 1 2  N X n d  L = { 1 , 2 , . . . ~ N ~ b e  
Y 
the x and yspot ia l  domains and L x Lx be the set o f  
Y 
resolution cells. Let  G = {0, 1,. ..,No} be the set o f  
., 
possible grey tones. Then a d ig i ta l  imoge I i s  a function 
which assigns some grey tone to  each ond every resolu- 
t ion cell; I:L x L *G . *  
Y X 
An essential component o f  our conceptual fromework 
o f  texture is a measure, or more precisely, four closely 
related measures from which o l l  o f  our texture-context 
feotures ore derived. These measures ore arroys termed 
angular nearest neighbor grey tone spotiol dependence 
motrices, and t o  describe these arrays we must re-empha- 
size our notion o f  adjacent M nearest neighbor resolution 
cells themclves. We consider a resolution ce l l  -- 
excluding those on the eriphery of an image, etc.-to 
h w c  eight ncarest neigtbor rcsolution cells as i n  Figure 1 .  
*The spatiol domoin L xL consists of ordercd pairs whose 
v X 
components orc row ond column respcctivcly. This con- 
vention conforms with the usuol two subscript rovrco lumn 
designation used i n  FORT'RAId. 
I 
neighboring resolution cells seporated by  distonce d 
o c c i r  on t6e imoge, one with grey t0ne.i and the other 
w i th  grey tone i. Such motrices o f  spatial grey tone 
dependencc frequencies ore a function o f  the ongulor 
relationship between the neighboring resolution cells a 
wel l  as a function of the distance between them. Figure 
2 illustrates the set o f  a l l  hori7ontal neighboring resolu- ' 
t ion  cells seporoted by  distcnce 1. This set along wi th  
the image grey tones would be used t o  calculate a dis- 
tance 1 horizontal spatial grey tone dependence matrix. 
Formally, for angles quantized t o  45O intervals the 
unnormalized frequencies are defined by: 
No te  that these matrices ore symmetric; P(i ,i;d,a) = 
P(i,i;d,a). The distoncc metric P impl ic i t  i n  the above 
equations can be exp l i c i t l y  defined by p((k,l),(m,n)) = 
max {jk-rn] , 11-nl 1. 
Consider Figure 3-a, which represents a 4 x 4 i m w e  
wi th  four grey toner, ranging from 0 to  3. Figure 3-b 
shows the general form o f  ony grey tone spatial depen- 
dence matrix. For example, the element i n  the (2,l)-st 
posit ion o f  the distonce 1 horizontal PH motrix is the 
. . 
total  number o f  t i r e s  two grey toncs o f  value 2 and 1 
occurred hor izontal ly adjacent to  eoch other. To deter- 
mine this number, we count the number o f  p a i n  o f  
resolution cells i n  R,, such that the first resolution ce l l  
o f  the poir h a  grey tone 2 and the second resolution ce l l  
o f  the poir ho i  grey tone 1. In Figures 3-c through 3-f  
we calculate a l l  four distonce 1 grey tone spatial depen- 
dence motrices. 
I F  needed, the appropriate frequency normolizotion for 
the matrices ore eosily computed. When the relationship 
is neorest horizontal neighbor (d=l ond CFOO), there w i l l  
be 2(Nx-1) neighboring resolution ce l l  poir  on eoch row 
md there are Nv rows providing a totol  o f  2Nv(Nx-1)  
neorest hor izontb~ neighbor pairs (see Figure 3). when 
the relatianship i s  neorest r ight  diogonol neighbor (d=l, 
-450) there w i l l  be 2(Nx-1) 45Oneighboring resolution 
ce l l  poirs for eoch row except the first, for which there 
ore none, and there ore N rows. This provides a total  
o f  2 (Ny- l ) (Nx-1)  neorest ;ight diogonol neighbor p a i n  
(see ~ i s u r e  4). By symmetry there w i l l  be  2Nx(NV-1)  
nearest ver t ica l  neighbor pairs and 2(Nx- l ) (Nv-  l j  neor- 
est l c f t  diogonol neighbor poirs. 
Let us now consider how to  use such spatial dependence 
informotion. We hove suggested generating 
a hornogcneity and unhomogeneity imoge from the or ig i -  
no1 imoge on the bosis o f  the grc tone depc,r~dence motrix. 1: (The homogeneity irncge i s  an en onccd disl.~:ay of  a l l  
the homogeneous areas whi lc  the unhoniogcncity imoge 
is an cnhanccd dis lay o f  a l l  t l ie unhomogcncws arcas.) 
A t  any resolution L ,n) ,  the hotncgeneity image I,, h a  
an intcger valucd grey tone 0 to  8 depending on how 
many o f  resolution ce l l  (m,n)'s G neorest neighbors on 
the or ig inol  imcge I have respective grey tones which are 
"suf f ic ient ly similar" to  the grey tone at  (m,n) on imoge 
I. Simi lar i ty of two grey tones i and i i s  determined on 
the basis of whether the grey tones occur next t o  each 
other suf f ic ient ly often; that i s ,  i f  the clement P(i, i) o f  
the spatial dependence motrix is lorgc enough. A t  any 
resolution ce l l  (m,n), the unhomogeneity image Ill has 
- 
a grey tone 0,1,2,3,4,5,6,7 or 8 depending on how 
many o f  resolution ce l l  (m,n)'s 8 neorest neighbors on  
the or ig inol  image I have respective grey tones which ore 
"suf f ic ient ly dissimilar" t o  the grey tone at (m,n) on 
image I. Dissimilarity of two grey tones i and i is deter- 
mined on the basis o f  whether the grey tones occur next 
t o  eoch other suf f ic ient ly rarely, thot is, i f  the element 
P(i,i) of the spatial grey tone dependence matrix is 
small enough. 
The idea of large enough or small enough implies a 
thresholding o f  the grey tonc dependence matrix ond 
depending on what level  the threshold is set the result ing 
homogeneity and unhornogeneity images appear di f fer-  
ent ly.  Thus undesirable arbitrary thresholds must be 
introduced. Fortunately, i t  i s  p ~ s i b l e  to  do away w i t h  
threshalding. Instead o f  defining s imi lar i ty 6 an a l l  or 
nothing affair, we can define the s imi lar i ty between 
grey tones i and j to  be P(i,i), the frequency wi th  which 
i and j co-occur next t o  eoch other, some function o f  
P(i,i) such ns logP(i,i) or perhaps even some function o f  
i and i such as . Dissimilarity between i and j T q = p  
2 
can be measured by  ( i - i )  . 
Texture-context features ore easily derived from the 
homogeneity or unhomoaeneity image. For example, the 
greater tlie total homogeneous region areo, then the 
darker the homogeneity irnose. Hence, the mean grey 
tonc o f  the homogeneity imoje  provides a measure OF the 
"smoothness" of the originol image. The grey tone 
varionce of the homogeneity imcge providcs a measure 
o f  how the homogeneous areas ore spread out on the 
imoge. Low variance would indicote lorgc area uniform 
homogeneity whi le high varionce might indicate many 
small areo homogeneous regions. 
It can be shown thot the computation o f  the average 
grey tone on the homogeneity or unhomogencity image J 
can be done without h w i n g  to  hove tl ie image J gener- 
ated. The avcragc grey tone can be computed d i rec t ly  
as a function of the spatial grey tone dependence motrices 
I n  this papcr wc explore only those reutures which can bc 
computed d i rcc t ly  from tlie spatial dcpendencc grey tone 
motrix and do not require the homogeneity or unhomo- 
geneity imuge t o  be dcterrnined. 
In thc discussion which follows on the use o f  thc 
spatial grcy tone dcpendcnce matriccs as texturc context 
features for image dota, we shol l be concerned w i th  
forrns such as 
, the ongulor lecmd smmcnl inrerre 
A:, ," . -"- -  ,*<..,n,. 
c I Y Y 1  , the ongutor second monenl (ASM); [I gg 
Note: #R i s  the number of neighboring resolution cells. 
The ASM feature i s  the sum o f  the squared t e r m  o f  
the grey tone spatial dependence matrix normalized 
by  the total  number of possible adjacencies, #R, for the 
given angle. For each spatial dependence matrix, there 
is a corresponding ASM but there has been a great 
reduction of data because each ASM (as each ASMD 
and ASMID) is only a number not an array. The ASMD 
feature i s  the sum of the members of a grey tone spatial 
dependence matrix, each member mult ip l ied by  the 
squared difference o f  the grey tone values and normal- 
i zed as before. The ASMlD feature i s  the sum of the 
members o f  a grey tone spatial dependence matrix, each 
member d iv idcd by one plus squaredgrey tone difference. 
The correlation feature COR is actual ly the value o f  
the two-dimensional autocorrelation function o f  the 
picture where the autocorrelation function is evaluated 
for a porticular distonce and angle lag. 
Each o f  these features is a function o f  the angle and 
distance bctwcen what we consider to  be neighboring 
resolution cel ls.  We consider 4 angles, 00, 450, 900, 
and 135O at distances o f  1, 3, and 9 resolution cells. 
This provldes an i n i t i a l  set OF 48 features. The number 
o f  features is thus reduced b y  calculat ing the mean, 
range, and mean deviot ion of each type o f  feature at 
a given distance over the four angles. The features 
which are actual ly first considered b y  the decision 
rule are ASIA, ASMID, ASMD, COR evaluoted a t  
distances of 1, 3, and 9 resolution cells w i th  the 
average, range, and mean deviat ion for eoch feature 
and distance calculated over the four angles. This is a 
total o f  36 features. Figure 5 i l lustrates the calculation 
of three representative feotures of the image o f  Figure 
3a. 
AUTOMATIC SCENE IDENTIFICATION 
Automatic sccne ident i f i ca t ion  using thc 36 texture 
contcxt  fcaturcs presents a d i f f i cu l t  problem because of  
the re la t ivc  sparcity o f  the dota: for each o f  9 catc- 
gories there arc only 6 samples w i th  eoch sample having 
a 35 dimensional fcaturc vector. The d i f f i cu l t  is t: rea l ly  twofold: (1) Thcrc are so few samples t at i t  is 
d i f f i cu l t  to  lcorn anytl i ing about the patterns which ore 
characteristic o f  ~ l l c  ategory, ( 2 )  The decision rule 
must contain a minimurn o f  paromcters so that the deci- 
sion rule does not "mcmorizc" the data. Hence thc 
opproach wc taltc rc l ics on the sirnplcst type o f  data 
statistics: thc mil,imum and maximum value cocl l  fcclturc 
can take on for meosuremcnts i n  a given category. 
Figure 6 illustrates for eoch pair  of categories which 
variable w i l l  separate them. Figurc 6 shows that variable 
4, ASMlD at distance 1, has its average, range and mean 
deviat ion appearing a total  o f  56  times i n  separating 
categories. O f  those categories which are not separated 
by  the distance 1 ASMlD features, COR at a distonce 1 
h a  its average, range and mean deviot ion appearing a 
total  o f  8 times i n  separating categories. O f  t h a e  cote- 
gories which are not seporated by the distance 1 ASMlD 
, 
or COR features, ASM at distance 1 h m  its average, 
:range m d  mean de\,iation appearing a total  of 4 times 
i n  separating categories. O f  those categories which are 
not separated by  distance 1 ASMID, COR or ASM fea- 
tures, ASM at distance 3 h m  its overage, range and mean 
deviat ion appearing a total  of 1 time i n  separating cote- 
gories. Hence, o f  the i n i t i a l  36 features, we use only 
the fo l lowing 12 features: 
ASM A V G  
ASM RANGE 
AS M DEV 
COR A V G  
COR RANGE DISTANCE 1 
COR DEV 
ASMlD A V G  
ASMlD RANGE 
ASMlD DEV 
For automatic ident i f icat ion,  we use a decision rule 
which i s  a maximum l ikel ihood decision rule under the 
assumptions that the 12 feature varicbles are independent 
having uniform distributions. Under this assumption, the 
density function for the k th  category is 
ASM A V G  
ASM RANGE 
AS M D EV 
12 1 
f(x1.x2, . . . X l Z 1 k )  = r, Ki=5P for a l l  n= 1 
DISTANCE 3 
(x1,x2,. ..,x12) such that 
where bnk and ank define the minimum and maximum 
values o f  the uniform distribution on the nth com- 
ponent. 
Hence, a .measurement (xl ,x2, . . . ,x12) i s  ossigned t o  
ca tego~ y k i f  and only i f  
(1) bnk< xn< ankt n=1,2,. . .12 and 
for a l l  j such that bni L x n  h anit n=1,2,. . .12. 
I f  there exists no k such that bnk< x L ank, n=1,2,. . .12, 
n - 
then (xl , x 2 , . .  .x12) i s  assigned to  category k i f  and only 
i f  
The minimum and maximum statistics an, and bnk 
are estimated i n  the fo l lowing w q :  
Let onk = the maximum nth component for a l l  memure- 
ments designated i n  kth category; 
p = the minimum nth component for a l l  measure- nk 
ments designated i n  kth category. 
Assume that category k has Mk measurements, then 
No t i ce  that ank is larger than the maximum b y  same 
fract ion o f  the range and bnk is smaller than the minimum 
by some fract ion o f  the range. Hence. the range 
mk-bnk i s  lor er than pn If Bnk. Under the assumption 
that the variabye h a  a un i  orm distribution, the expected 
value o f  unk- Pnk is M k - 1  . (true range) wh i le  the ex- 
m k T T  
petted value of onk -bnk i s  the true rcngc. 
The ident i f icat ion experiment was done i n  two ways 
using the above decision rule. I n  the first case the 
ent i re set o f  54  samples was used to  t ra in on, i .e. gather 
the statistics n nk, Pnkl n=1,2,. ..12, k=1,2, .. .9, and 
then an the basis o f  the wnk's and PnL1s calculated, each 
.. . .... 
sample was assigned t o  a category. Figure 7 i l lustrates 
the contingency table of the result ing cssignments. A 
total o f  53 out o f  54 samples wcre corrcct ly ident i f ied.  
We shall have more t o  soy about the interpretation o f  
53/54 i n  a moment. 
In the second case, the ident i f icat ion experiment was 
repeated 54  times, each time using a different set of 
53 samples t o  t ra in on. The 54th sample was assigned 
t o  a category on the basis o f  the minimum maximum sta- 
tistics gathered from the other 53 samples. Figure 8 
i l lustrates the contingency table result ing from thesc 
assignmcnts. A total  o f  38 out o f  54  samples wcre cor- 
rec l ly  ident i f ied for a percentage o f  app~~oximatcly 7%. 
To help interpret these results a sequential decision 
algorithm i n  the form o f  a dichotomous key was tried. 
A dichotomous key successively splits a group o f  mea- 
surements i n  two b a e d  on whetlicr a given component 
i s  greotcr than or less than some value. The dichotomous 
key i tsel f  i s  i l lustrated i n  Figure 9. I t  takes 13 dccision 
points t o  perfectly separate the 54 measurements i n to  
their designated cotegorics. I f  the 5 dccision points, 
whose solc function i s  t o  correctly separate measurements 
which were incorrect ly assigned, ore removed, then i t  
takes 8 dccisions t o  corrcct ly assign 49/54 measurements. d ( ~ - 1 )  = i ? r ~ ~  2" = 
Under the ossumption that the twelve variables are inde- -  
pendent ot eoch decision stage, and that the two cate- pN-1-1  253,, 
gory groups being split have the some uniform distribu- 
t ion, Figure 10 illustrates the contingency toble resulting 
from these assignments. Under the assumption that the Hence our ab i l i t y  to perform the category seporotion 
twelve variables are independent at each decision stage, w i t h  such a small chance of  avai lable partit ions i s  
cmd thot the two category groups being split have the signif icant. 
same uniform distribution, the probabi l i ty  of being able 
t o  achieve perfect separation of two categories i n  two  
decisions i s  less than 10-12. 
The outomotic texture-context scene onalysis exper- 
iment was compared wi th  the ident i f icot ion which f ive 
photointerpreters were oble to make wi th  the some dato 
set.  The photointerpreters were given the original 
9"x9" photographs and were al lowed to  use as much 
context information as they could i n  making the ident i -  
f icat ion.  These experiments y ie lded an average of 
81% correct ident i f icat ion for the f ive photointerpreters. 
DISCUSSION A N D  C O N C L U S I O N  
A n  image data set of 54 scenes consisting of 6 sam- 
les from each of the nine categories scrub, orchard, 
Reavily wooded, urban, ruburban, lake, swamp, marih, 
and rai l road yard was cnalyzed manually and outo- 
matical l y .  
For the automatic analysis, a set of features for 
texture context was defined and an the basis of these 
features and a simple decision rule, an ident i f icot ion 
accuracy of 7Wo was ochieved. This ident i f icat ion 
accuracy must te compcred wi th  the overage 81% cor- 
rect  ident i f icat ion which f ive photointerpreters achieved 
wi th  the some scenes, although the 8196 correct ident i -  
f i ca t ion  i s  the occurocy ochieved when they used the 
9"x9"  photograph to  interpret from. The photograph i s  
data of considerably higher resolution hoving much more 
context information on i t  thon the smoll d ig i t i zed 
1/8"x1/8" area the automatic onolysis had avoi loble.  
Furthermore, the 70% correct ident i f icot ion arose i n  
the case whcn the outomotic technique trained on 53 
samples and ~ss igned on ident i f i co t ion  to the 54th 
sample and repeoted the experiment 54 times. This means 
thot for eoch experiment, there was one category which 
hod 5 samples instecd of 6 samples. For this category, 
there i s  o probabi l i ty  of 113 that for eoch feature the 
missing somple hod minimum or mcx invm value over a l l  
samples for the category. Hence there i s  a high prob- 
ob i l i t y  that the missing somple provided signif icont 
information which is not ovai loble i n  the sample without 
i t .  
Looking at the situation another way, 100% correct 
ident i f icot ion was achieved by  the optimol dichotomous 
key which requircd 13 decision points. The probcbi l i ty  
that such good ident i f icat ion could licppen by chance 1s 
very s~no l l .  In fact, the number o f  2 cel led partit ions 
which the simple hyperplanes used could generate for 
N samples i n  o d-dimension01 space i s  n l y  d ( N - I )  and 
this number should be compared to 2 ~ - 9 - 1 ,  the total 
number of non-tr iv ia l  distinct 2 ce l led  partit ions pos- 
sible. I n  our cc~se d= 12, N=54 and the ra t io  
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Figure 1. Resolution cells nos. 1 and 5 are 11ie 0-degree 
(horizon~ol) nearcst neighbors to resolution ce l l  I * ' ,  
resolut;on cel Is nos. 2 and 6 are the 135-degree near- 
est neigllbors, resolution cclls 3 and 7 arc the 90- 
degree nearesi nearest neigl~bors, and resolution cells 
4 ond 8 are !lie 45-degree nearest neighbors to ' * I .  
(Notu that this info:mation i s  purely spatial, and has 
nothing to do with grey tone values.) 
Figurc 2 illustra:es the set of a l l  distance 1 horizontal 
neighboring resolutiora cells on a 4 by 4 image. 
Figurr 3-b.  lhls >how, Ih- gcncrol  farm of  
any gr ty  lonc ~ n o t i a l  dcpcndcnce 
r n o l ~ i x  la on l r n ~ g c  r ; l h  inlcgcr 
grey lone v a l u t ~  0 l o  3.  t ( i , , )  
%fond< lor nurnkrr or l i m c s  g r e y  




Figure 3 -c .  Figure 3-d. 
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Figure 5-t. Figure 3-1. 
Figurc 4 illuslratcs how t f ~ c  mcmSers of horizontal and 
right diagonal ncigliboring rc:olution cclls are 
cwntcd .  
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Figure 5 illustrates the calculat ion of te M u r e  contex 
'igure 30. 
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RIHGE 3 KEY TO V A R I A B L E  NUNBEKS 
Figure 6b i s  a continuation o f  Figure 6a and tabulates 
for each category pa i r  which of the 36 feoture 
variables can separate the category pair. 
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Figure 7 shows con:ingency table of true ident i f icat ion 
when statistics are from the fu l l  54  samples 
and th: assignments are made on a l l  the 54 samples. 
AVG I 
o p c l l n  SUBUR S C R U  F A R 5  
D r V  2 
RAl4GE J 
D E V  J 
A V G  4 
D E V  7 
RAI !GE 2 
D E V  2 
D E V  3 
R I I I G E  4 
O E V  4 
A X  4 
AVG 8 
AVO 12 
Figure 60 tabulates for each category pair which o f  the 36 
feature variables can separate the category pair. 
Figure 9 diogroms the Optimal Dichotomous Key (Sequen- 
t i a l  decision rule).  
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A COMPARATIVE STUDY OF DATA COhl?RESSION 
TECHNIQUES FOR DIGITAL IMAGE TRANSMISSION 
ABSTRACT 
----. 
We investigate three methods o f  data compression for aerial image data: 
(1) Di f ferent ia l  Pulse Code Modulat ion,  (2) Principal Components, and (3) 
Hadamard Transform. We compare these methods i n  terms of data compression factor 
versus rms error. Our  comparison indicates that the Principal Components method i s  
uniformly better than the Hadamard Transform methcd. Furthermore, for compression 
ratios greater than 5, the Hadarnard Transform and Principal Component technques 
are better than the Dif ferent ia l  Pulse Code Modulat ion.  I t  i s  only for scenes which 
are re la t ive ly  unstructu~-ed and compressed at  compression ratios of  less than 5 that 
Di f ferent ia l  Pulse Code Modulat ion performs better. 
Since there i s  a hi9:. posit ive correlct ior! between the grey levels of  spat ia l ly  
adjacent resolution ce l  I s  on ael-ial imcgery, the imagery contains a large amount o f  
redundant infol-mation. Hence, image data i s  a good candidate for data compression 
which would, for example, permit more images to  be stored per r o l l  of  tape or permit 
more images to be transmitted per un i t  tirne over a g iven communication channel. 
And, i n  fact, several image data compression techniques'have been suggested and are 
in  use to el iminate many o f  the d ig i ta l  bits representing redundant information (see 
the special issue on redundancy reduction, P_ro~esd~n_gy_qf~th_g_IE-~, Vol . 55, 1967; 
Arguel lo, 1971; W i  lkins and Wintzs' bibl iogrcphy on data compression, 1971; 
Claire, e t  al., 1971). I n  this paper, we investigate three methods of datc 
compression: 
(1) Di f ferent ia l  Pulse Code Modulat ion 
(2) Principal Components 
(3) Hadamard Transforms 
I n  reviewing some o f  the picture coding techniques, W . F .  Schreiber (1967) 
had indicated that i t  i s  very d i f f i cu l t  to  compare the di f ferent dala compression 
techniques because of  the great disparity i n  the subject matter, methods of  evaluation 
and reproduction of  output pictures. The approach used i n  this study provides an 
un i f i ed  method o f  comparing di f ferent data compression techniques since we have 
used the same images, approximately the same data compression factors, and the 
same method for evaluation and reproduction o f  reconstructed images. 
DIFFERENTIAL PULSE CODE M O D U L A T I O N  
The statistical relat ionship belween nearby picture elements and the greater 
sensit ivi ty o f  the eye to spatial and temporal grey tone differences to  absolute grey 
tone values has led to  suggestions for data compression using grey tone differences 
(Seyler, 1965). The most straight-fol-wcl-d tecl7nique i s  ca l led Di f ferent ia l  Pulse 
Code Modulat ion (DPCM). Here the duta i s  compressed b y  transmitting the 
quantized difference between the correct grey tone a t  tl ie transmitter and the last 
reconstl-ucted spat ia l ly  adjacent grey tone u t  the receiver (O 'Neal ,  1966). The 
data compression i s  accomplished i n  the quantizing step since the number o f  possible 
quantizer levels used to  transmit the grey level differences between spat ia l ly  
adjacent resolution cells i s  smaller than the numbdr of  possible levels used to  transmit 
the actual grey tones at each resolution ce l l .  Because differential quantizing tends 
to  preserve edge information, for any given number of  bits per image element, i t  
tends to produce better qua1 i t y  images than ordinary Pulse Code Modulat ion.  
PRINCIPAL COMPONENTS 
I n  the Princi-pal Component meihod, the image i s  f irst spl i t  i n to  a number 
of  small mutually exclusive spatial regions and we shall consider the grey tones of 
these regions to be N-dimensional vectors sampled from source probabi l i ty  distr ibution. 
The image i s  then a co l lec t ion of these vectors. I n  the pr incipal  component method, 
these N-dimensional vectors are projected onto some smaller K-dimensional subspace 
having maximal vcriance. I n  this way, tlie N components of  the or ig inal  vectors may 
be expressed i n  terms o f  K components, thereby achieving some data compression. 
An  optimal set of  cool-dinates for the K-dimensional subspace i s  the set of K 
eigen vectors having largest eigenvalues o f  the covariance matrix o f  the sample o f  
N-dimensional vectors. The pr incip!e on which this method i s  based, namely, the 
Karhunen-Loeve expansion, i s  we l l  known (Watanabe, 1965). However, this 
technique has been used on a rather l imi ted basis for image compression applications, 
even though i t  has been known to  lead to very good comparison performances for 
analog data such as EKG (Andrews, e t  al., 1967) and multispectral -scanner data 
(Ready, e t  al., 1971). 
HADAMARD TRANSFORM 
I n  the Hadamard Transform data compression technique, the image i s  spl i t  
up in to  small spatial regions as i n  pr incipal  components. The lower sequencies o f  
the Hadamard Transform o f  these regions are then transmitted. The image i s  reconstr- 
cted a t  the receiver using the same lower sequency functions. The method works 
because the image data there i s  usually a high posit ive correlation between adjacent 
resolution cel ls and, therefore, the image tends to have a charac t~ r i s t i c  frequency 
spectrum w i t h  the low frequencies dominating the h igh frequencies. And although a 
Hadamard sequency i s  not  the same as the frequency, their  general behavior i s  of ten 
similar-. Hence, i n  image data, the low sequencies tend to  dominate the h igh 
sequencies. Data compression i s  achieved by  use o f  only the few dominant sequency 
components. Pratt, et  a!. , 1969, has used the Hadamal-d Transform for image data 
compression by trcnsmitting the ent i re quantized Hadamard Transform o f  the image. 
RESULTS 
For comparison purposes a set o f  sixty-six d ig i ta l  images were processed using 
the three methods o f  data compression. These images were obtained by d ig i t i z ing  
sections of  aerial photographs containing a wide var iety of  scenes. Eleven scene 
categaries, w i t h  six images for ecch type of scene, were processed. The scenes 
included both natu~.al scenes such as wooded areas, lakes, and man-made scenes 
such as urban areas, suburban areas and rai l road yards. The d ig i t i zed  images were 
o f  64 x 64 size and the grey levels o f  indiv idual  cel  Is had been quantized into 64 
levels. 
Using computer progrcms, the images were transmitted and the RMS errors 
betweeti the or ig inal  integer images and the corresponding reconstructed integer images 
were computed. For each type of  scene, the average RMS error was calculated by 
averaging the rms errors of the six images of  the scene. The or ig inal  and reconstructed 
images were d ig i ta l l y  pr inted out using 13 grey levels. These d ig i ta l  printouts provide 
the basis for visaal compqrison of the or ig inal  and reconstructed images. 
A comparison i n  terms of data compression factor versus rms error between the 
or ig inal  image and the reconstructed compressed image indicate that Principal 
Components i s  uniformly better than Hadamard Transforms. Furthermore, for com- 
pression ratios greater than 5, Principal Components and Hadamord Transforms are 
better than Dif ferent ia l  Pulse Code Modula i ion.  I t  i s  only for re la t ive ly  unstructured 
scenes compressed at  compression ratios less than 5 i l la t  the Di f ferent ia l  Pulse Code 
Modulat ion perforrns beiter . Plots of  rms error vs data compression factor for four 
scene categories are shown i n  Figure 1.a-d. 
Visual comparison of the images cornpl-essed by the- three methods tend to  
support the fo l lowing conclusions: 
(1 )  Of the images compressed by  the three procedures, the images compressed 
by  the pr incipal  components procedure most resemble tl ie or ig inal  images. 
(2) The imcges compressed by the Hadamard tronsfol-m procedure are comparable 
to  the images produced by  the pr incipal  component procedure. However, 
these imcges have a "checl<e~.board" look. 
(3) DPCM procedul-e tends to  "blurr" the boundary lines i n  the images. At 
high data compression. factors, the images compressed b y  the DPCM 
procedure bore very poor resemblance to  the or ig inal .  
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RADAR SIGNATURE A N D  SYSTEMS STUDIES AT KANSAS UNIVERSITY 
Richard K.  Moore, Director 
Remote Sensing Laboratory 
The University o f  Kansas 
Lawrence, Kansas 66044 
The radar signature and systems studies described here have concentrated in  two 
areas: octave bandwidths radar spectrometry, using a truck-mounted system, and 
scatterometry using primarily the 13.3 GHz system on the NASA/MSC aircraft. I n  
addition, the results of the experiments to date have been synthesized into a pair of 
representative designs for spacecraft radar systems-one for small spacecraft and one for 
large spacecraft. 
Our activit ies in  the use of radar images have been described by  Haralick, 
McCauley and Morain, so this paper concentrates on the non-imaging systems, except 
i n  the f inal system design. 
OCTAVE BAN DWlDTH SPECTROMETRY 
Responses over several octaves in the visible and infrared ranges of the spectrum 
have been measured for decades. I n  the microwave region of the spectrum, however, 
both active and passive systems have concentrated on single spot frequencies and 
measurements of continuous responses are new. We have reason to believe that the 
resonances that occur in  nature i n  the microwave region w i l l  give rise to variations i n  
response with frequency comparable i n  magnitude to those observed in  the visible and 
infrared regions; but the work described here i s  to  our knowledge the first extensive 
effort to determine such responses. 
The University o f  Kansas radar spectrometer i s  mounted on a "cherry picker" 
truck that permits measurements from a height of about 12 meters. The system operates 
i n  the octave from 4 to 8 GHz, a wavelength range of 7.5 to 3.75 cm. This range 
was originally chosen because it was the highest frequency range for which octave 
bandwidth equipment i s  readily available . Because most o f  the imaging radar equipment 
operates a t  higher frequencies and because spectral responses over a wider bandwidth 
are desirable, the equipment i s  currently being extended to an upper-frequency l imi t  of 
18 GHz (1.67 cm). 
The original octave bandwidth spectrometer was a pulse system that used bursts 
of energy 20 ns long (3 m resolution). The system was bui l t  that way so i t  could also 
be used to  produce radar images in  which panchromatic averaging was used. The value 
of the panchromatic averaging for images has now been demonstrated, and the system 
used in the summer of 1971 was modified from a pulse to an FM system to permit use at 
shorter ranges. The original pulse system would not a l low vertical incidence measure- 
ments from the 12 m height, since the closest range that could be observed was about 
24 m; the new system i s  useable at ranges as short as 5 m. 
Figure 1 shows a block diagram o f  the system currently in use. The signal i s  
obtained from a standard sweep oscillator and amplified to a level as high as 20 watts. 
The output o f  the amplifier i s  leveled with a feedback loop. The signal i s  transmitted 
through an appropriate circulator, but a sample of the signal i s  fed into a mixer where 
i t  i s  combined with the received signal . Because the transmitted signal has changed 
frequency during the time for the wave to travel from the antenna to the ground and 
back, the mixer observes two different frequencies: the one being transmitted and the 
one that was transmitted a short time before. The difference frequency for these 
experiments was set at 37 kHz; this difference frequency was amplified and fi l tered and 
the output observed on a voltmeter. Averaging was achieved by sweeping over a band- 
width of approximately 0.4 GHz for each measurement. The center frequency for the 
sweep was stepped between measurements. 
Measurements were made during July of 1971 at more than 80 fields in  the 
v ic in i ty  of Lawrence, Kansas, Different orientations were used relative to the rows of 
crops so that the effect of look direction could be established. 
The system was calibrated by measuring the return from a metal sphere suspended 
by-nylon string from the guy wire of a radio station. Because o f  some doubt regarding 
the accuracy of this calibration, the data presented have been normalized to the data 
observed for returns from cornfields since more cornfields were sampled than fields of 
any other crop. 
Figure 2 shows the variation with angle at a frequency near the bottom o f  the 
band o f  the instrument. Since normalization i s  wi th regard to  corn, corn shows no 
variation, whereas the other crops observed-soybeans, alfalfa and sorghum-do show 
an angular variation. This sort o f  curve i s  similar to that obtained by the usual single 
frequency scatterometer. Not ice the difference between the shape of the curves for 
horizontal and vertical polarization. 
Figure 3 shows similar curves at 5.8 GHz, and Figure 4 shows the result a t  
7.4 GHz near the top of the frequency band o f  the instrument. Variations i n  the angular 
behavior at the different frequencies are apparent. The data are st i l l  being examined 
for consistency and for interpretat ion o f  these variations. 
Results l ike those shown in Figures 2, 3, and 4 could have been obtained with 
f ixed frequency scatterometers, although in this case the broad bandwidth permitted 
better averages at each angle than would have been possible with narrow bandwidth 
systems. Figure 5 shows the variation across the band as a function o f  frequency-a 
type of presentation possible only with the octave bandwidth system. Again, note the 
difference between the shape of the curve for vertical and horizontal polarization, and 
note also that at this angle of incidence (30') the sorghum i s  uniformly low but not too 
different from the corn for horizontal polarization, whereas alfalfa peaks somewhat 
below the middle of the frequency range but i s  lower on both sides and soybeans are 
low at low frequencies but higher at the high frequency end. The variations are not as 
pronounced for vertical polarization, but they are present there too. 
Figure 6 shows similar results plotted for an incidence angle o f  50'. Not ice that 
a t  this incidence angle the trends are different and the variations for vertical polariza- 
t ion are considerably more striking than at the steeper incident angle. 
These results are only samples; the data are sti l bbeing analyzed. Measurements 
were made at angles from vertical incidence (0') to  70 , and the angular curves could 
have been   lotted for each o f  the frequencies shown as points on the spectra I curve. 
A major purpose of the broad spectrum measurements i s  to  illustrate the potential 
for polypanchromatic radar systems, i .e ., for radars that attain averaging of the phase 
interference effects by panchromatic transmission, but split up the panchromatic band 
into segments to achieve spectral signatures. Observation o f  the curve of Figures 5 
and 6 shows that some differences do exist, but a more striking illustration i s  obtained 
by using the mean of each one-third octave to set the brightness of one of the three 
primary colors (red, green, and blue), and combining these colors to achieve a 
resultant color characteristic of the particular spectral response . Figure 7 shows the 
result obtained by such color combination at four different angles for soybeans. Note 
that for vertical polarization the colors are a l l  about the same-red-although there 
i s  significant difference for each angle for horizontal polarization. The problem for 
vertical polarization i s  that a l l  the soybean echoes peak at the low frequency end of 
the spectrum. To obtain a greater variabil i ty the spectral response was normalized 
relative to the average for a l l  crops at a given angle, and the deviation from this average 
used to determine the color i n  each one-third octave band. Figure 8 shows what this 
does'to the colors of Figure 7. Here not only have the colors for the horizontal polari- 
zation been changed, but there i s  some variation showing for vertical polarization. 
With the soybeans for the steeper incidence angles, however, the result i s  always 
white; that is, the variation across the band i s  sma l I. Figures 9 and 10 show the 
similar result for 30' and 50' for a l l  four crops. Clearly at either angle distinctions 
could be made between the crops on this basis i f  both polarizations are available, 
although at 30 horizontal polarization does not permit distinction between ~ r g h u m  
and soybeans, and vertical polarization between sorghum and alfalfa. A t  50  with 
horizontal polarization, soybeans and alfalfa are the same, and with vertical polariza- 
t ion only alfalfa i s  different. Thus i t  appears that, i n  this part of the frequency range, 
both polarization and frequency are necessary to separate the crops; but the separation 
i s  quite adequate at each angle when both polarizations are used. 
These results must be considered preliminary and further analysis may show that 
they are not completely consistent so that more data w i l l  have to  be collected. Never- 
theless we do believe that they show the potential of polypanchromatic systems and, 
indeed, f inal analysis of the data from July 1971 may verify the conclusions one can 
draw from these i l lustrations . 
OCEANIC SCATTEROMETRY 
A major effort has been expended over the last three years to evaluate ful ly the 
operating problems and capabilities of the 13.3 GHz scatterometer system flown on 
the MSC aircraft. Some o f  the reports issued dealing with analysis o f  the data and of 
the system itself are shown in Figure 11 . Other reports have not been formal ly desig- 
nated but have been provided to MSC i n  letter form or over the telephone, and s t i l l  
further analyses are being completed. We believe that the system can be considered 
reliable for measurement of the ratio o f  scattering coefficients at two angles for any 
given year, although differences exist from year to year because o f  changes in the 
antenna pattern caused by handling and more particularly by the change from the P3 
aircraft for Missions 88 and 119 to the C130 aircraft for Mission 156. Data analysis 
techniques have been developed to compensate for these effects as much as possible. 
Under a contract with the Naval  Ordnance Laboratory, The University o f  
Kansas has developed a scatterometer system o f  its own which has been flown this past 
year i n  a University aircraft. Figure 12 shows a photograph of the system mounted i n  
the passenger compartment of the University aircraft. The two units on the left with 
handles visible are the scatterometer and its measuring instruments; the rest of the 
equipment shown has to do with the tape recorder which appears at the bottom of the 
illustration. This instrument has now flown both in  the Arct ic north o f  Alert  and near 
Thule, and i n  Kansas, including the Garden Ci ty  test site. Figure 13 shows representa- 
t ive data obtained from these missions. Further analysis o f  these data i s  continuing. 
The major effort in recent years with the NASA/MSC scatterometer has been to 
col lect and analyze oceanographic data. Because of possible variations in  the cal i -  
bration o f  the s stem, data have a l l  been normalized to the scattering coefficient I: 
measured at 10 . Th is  i s  a procedure that eliminates a l l  effects o f  gain changes or 
changes i n  the calibration signal "constant!' The analysis o f  the system shows that the 
calibration constant may in  fact vary from mission to mission, although i t  should 
remain f ixed during a particular mission. 
Other potential error sources exist i n  the data reported here. A major source 
o f  error i s  knowledge o f  the windspeed itself, Even for the flights near the Argus 
Island tower, there i s  uncertainty about the windspeed, as described by  Pierson and 
Moore in another paper in this meeting. Although the aircraft attitude i s  recorded when 
the ADAS i s  operating satisfactorily, error in  this recording could cause use of the 
wrong gain value because of rapid fluctuations in  the antenna pattern with depression 
angle. O n  some missions the ground speed measurement with the Doppler navigator on 
the aircraft appears to be inaccurate, and in  fact some o f  the f l ight lines were made 
with estimates rather than with the Doppler measurement because o f  a failure o f  the 
Doppler system. Such an error i n  ground speed causes assignment o f  the scattering 
coefficient measured at a particular frequency to the wrong angle, which has the dual 
effect of showing i t  at  the wrong angle and o f  causing use of the wrong antenna gain. 
The effect of these potential error sources i s  believed to be random and to  result 
in  a scatter of points about the regression line. Nevertheless, the scatter i s  relatively 
small i n  terms of percentage o f  the wind speed or the measured scattering coefficient 
value. We are quite encouraged by the results. 
Figure 14 shows the normalized scattering coefficient plotted versus the wind 
speed on a log-log plot for 35' incidence angle and the upwind direction. Note that 
the points for Mission 156 were raised 1.6 dB. The need for this i s  believed due to 
the change in the antenna pattern in  moving the scatterometer from the P3 to the C 130 
aircraft. The dash-lines show the rms error about the regression line. The scattering 
coefficient varies approximately proportional to the 1.4 power of wind speed. There 
has been some discussion about the two points at 049 kts lying beneath the 1 a value. 
However, Figure 15 shows the same result for 25, and the points for 49 l$s at  this 
angle l ie  almost exactly on the regression line. Thus we believe the 35 points may 
be partly in  error due to some lack of knowledge of aircraft attitude and should not be 
construed as proving that some sort of  "saturation" takes place. 
Crosswind data are shown in Figure 16 for0350. Here the 49 k t  points l ie  
above the regression line. Crosswind data for 25 are shown in Figure 17 where again 
the k t  points l ie  rather high. Not ice  that at 25' the wind speed variation for 
both upwind and crosswind i s  significantly less than i t  i s  a t  35O, and that for crosswind 
the variation i s  less than for upwind. 
A s i  mi lar analysis has been conducted of Naval  Research Laboratory observations 
available to us, namely those from JOSS I in 1970 and from the North Atlantic mission 
conducted from Ireland i n  1969. Figure 18 shows a sample o f  the kind of variation 
observed for the NRL data where the points from the two missions have been separately 
f i t ted to regression lines. The regression lines have somewhat different slopes, but 
nevertheless they both show a variation significantly greater than linear. I n  our 
analysis of the NRL data, we have used the same technique that was used with the MSC 
data; that is, these two regression lines have been brought together at 20 kts and a l l  
the points on the lower l ine have been moved up by the amount necessary to make the 
lines intersect at that point. When this new cluster of points has been plotted, the 
modified points have been used in  the regression program to obtain a new composite 
regression l ine . 
The results of these analyses o f  NRL data are summarized i n  ~ i ~ u r e '  19 where 
the exponent in  a power law variation o f  scattering coefficient with wind speed i s  
plotted. The downwind data appear somewhat more consistent than the upwind data, 
but i n  both cases the scattering coefficient variation with wind speed i s  at  least linear. 
Not ice that for horizontal polarization and larger incidence angles the variation of 
scattering coefficient with wind speed approaches a square law. This indicates that 
horizontal polarization i s  superior to  vertical polarization for radar anemometry of the 
sea, but i t  must be balanced against the weaker signal return for the horizontal signals 
for moderate seas and the consequent increase i n  required power. 
Since the radar data i s  to be applied to anernometry, we fel t  i t  appropriate to 
plot "anemometer calibration curves" for our own and NRL data for the different angles, 
directions, and polarizations. I n  this case, the wind speed i s  the dependent variable 
and the scattering coefficient i s  the independent variable. Figures 50, 21, 28 and 23 
show the MSC data plotted this way for upwind and crosswind for 35 and 25 again 
with the '  10 error bars shown alongside the trendlines. A better. anemometer has a 
more nearly horizontal calibration line because this means that a larger variation in  
scattering coefficient i s  required to indicate a small variation i n  wind speed. Similar 
plots have been made for the NRL data; two samples are -shown in.  Figures 24 and 25 
for 60' upwind with horizontal and vert ical  polarization. Clearly the horizontal 
polarization, since i t  i s  significantly less steep than the vertical polarization, wi  I I 
make an anemometer less sensitive to errors in  the measurement of the scattering 
,. 
coefficient. 
A significant difference was noted between the North At lant ic and ~ermuda 
missions, both for the MSC and for the NRL-data.. With the NRL data, we see no solid 
instrumental reason to expect this variation, although one can easily ratiqnalize i t  in 
terms o f  changes in  the MSC antenna pattern. - I t  may be that other factors w i l l  have to 
be taken into account in  using radar for anemometry, for instance the air/sea temper- 
ature differences or differences i n  the surface tension i n  different parts o f  the ocean. 
Presumably the further experimentation being conducted using the S193 Skylab 
experiment can answer some o f  these questions much better than any aircraft program 
making measurements in  different parts of the ocean on different years. 
ICE SCATTEROMETRY 
Although an aircraft scatterometer may have operational application over the 
Arct ic ice, a spacecraft scatterometer or radiometer w i l l  have such a poor resolution 
that it can only be used for gross measurements i n  the polar regions (or anywhere else 
for that matter), Thus, one o f  the major purposes o f  the scatterometer over the ice, as 
we1 l as over land, i s  to determine the sensitivity and dynamic range required for a 
radar imager. Since the imager w i  I I be able to operate with fine resolution from space- 
craft altitudes, i t  definitely i s  the preferred sensor for the ice. 
The data from Mission 126 have been analyzed with this in mind. Figure 26 
shows the spread o f  the average scattering coefficient for nine different ice types as a 
function of angle o f  incidence. Figure 27 shows this converted into dynamic range 
requirements for the ice imager. Clearly an imager operating at steep angles of 
incidence required wide dynamic range from about -12 to +15 dB; whereas an imager 
whose closest angle o f  incidence i s  only about 35' can get by with a dynamic range o f  
considerably less than 20 dB as shown, but must have a sensitivity at least of - 14 dB. 
Analysis o f  these data along these lines i s  continuing. 
AGRICULTURAL SCATTEROMETRY 
Figure 28 summarizes the agricultural scatterometry program. Unfortunately we 
have not received any complete data sets from the missions flown in the summer o f  1970 
or 1971 . Preliminary data were received from Mission 130, flown in 1970, as requested. 
These were used during the sum'mer of 1971 to establish improved format specifications 
for processing the remainder o f  the scatterometer data. By a preliminary examination of 
one line, i t  was possible to specify the most eff ic ient use of the computer time for 
agricultural scatterometry . Also specified was the need for the automatic data output 
plot to be scaled so that i t  could be directly overlaid on a photographic mosaic. The 
data processing sample length was specified and the angular resolution frequency band 
required was also specified. 
The 400 MHz scatterometer data flown in 1970 over the Garden Ci ty  test site 
have been received and are being analyzed. N o  results are available yet. 
The major goal o f  our program i s  specification of appropriate sate1 rite radar 
systems and their applications. Th is  paper closes with a discussion of two representative 
systems which might be flown on satellites. These systems are not to  be considered as 
f inal  specifications; they could be modified in  many ways depending upon the constraints 
associated with the satellite. 
Figure 29 shows the specifications for a radar for a small satellite capable o f  
supplying 450 watts of power. With this much power the system could have a resolution 
as fine as 10 m with a swathwidth o f  40 km. To achieve this large swathwidth, how- 
ever, requires erecting an antenna on the small satellite with a length o f  the order of 
6 to 10 m. Note that i f  the radar i s  only used 20% of the time, the average power 
over an orbit i s  only 90 watts. The system was selected to operate out to an incidence 
0 
angle of 60  for geologic purposes. A 30' incident angle appears quite adequate for 
agricultural purposes and many geologic purposes. With such an incident angle the 
power requirement could be reduced to 275 watts, which means that the average over 
an orbit i s  only 55 watts. 
Such a system would, we assume, transmit raw video data to the ground v ia a 
wideband telemetry l ink. Processing would then take place on the ground. The power 
for the telemetry l ink i s  not included i n  the figure. Of course, a system with a poorer 
resolution could get by with significantly less power for both radar and telemetry. 
Figure 30 shows a possible system for a large satellite such as a shuttle. Here a 
polypanchromatic system i s  postulated with first the power required with no averaging, 
then that with 200 MHz, and then with 400 MHz averaging. The 200 MHz averaging 
gives about 10 independent samples per ce l l  due to  panchromatic i l lumination and the 
400 MHz gives about 20 per ce l l  . Note that this 4-frequency system requires a total 
of 975 watts without averaging, but with 10 independent samples per ce l l  the power 
requirement goes up by a factor o f  about 10. The frequencies were chosen somewhat 
arbitrari ly because we s t i l l  do not have adequate data over a wide range. However, 
16 GHz appears about the highest reasonable frequency for a spacecraft imaging system 
both from the standpoint o f  available components and o f  atmospheric effects. The 
10 GHz band i s  quite common and many data have been gathered at this frequency that 
indicate the value o f  radar. Our recent observations over the octave bandwidth indi- 
cate that the 4 and 8 GHz regions are also useful. A l l  o f  these frequencies are near 
to frequencies that may be available for al location for imaging radar systems. 
As our analysis o f  the observations both with the imaging radars and the radar 
spectrometer and scatterometer continue, we hope to be able to refine these specifi- 
cations. Nevertheless we believe i f  a radar system could be constructed for spacecraft 





























































































































































































ANGULAR DEPENDENCE AT 4.2 GHz 











VERTICAL P O L A R I Z A T I O N  
-10 
-10 1 I I I I I I I I 
0 10 20 30 40 50 60 70 
l n c i d e n c e  A n g l e  (Degrees)  
I I I I I I I I 
Figure 2. Example of single-frequency observations of radar 
backscatter, July 1971. 
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Figure 3. Example o f  single-frequency observations of radar 
backscatter, July 1971. 
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Figure 4. Example of single-frequency observations of radar 
backscatter, July 1971. 
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Figure 5. Example o f  radar spectral response, July 1971. 
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Figure 6. Example of radar spectral response, July 1971. 
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13.3 GHz SCATTEROMETER SYSTEM ANALY S I S 
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Figure 1 I . Reports describing analysis of 13,3 GHz radar scatterometer system. 
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Figure 12. Kansas University 9.3 GHz radar scatterometer mounted in passenger 
compartment of C-45 aircraft. Scatterometer units beneath headphones; other 
units are parts of recorder . 
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Figure 13. Kansas University 9.375 GHz 
scatterometer . Preliminary data. 
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Figure 14, Oceanic scattering at 13.3 GHz 35' 
upwind. 
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Figure 15. Oceanic scattering response at 13.3 GHz 25' 
upwind. 
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Figure 17. Oceanic scattering response at 13.3 GHz 25' 
crosswind. 
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Figure 18. Oceanic scattering response at 8.9 GHz. 
NRL data showing separate regression lines for two 
missions. 
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Figure 19, Power law character of NRL X-band data -.- 
after adjustment. 
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Figure 20. Anemometer ca l ib rg ion  curve 13.3 GHz 
scatterometer 35 upwind. 




















Figure 21 . Anemometer cal ibratgn curve 13.3 GHz 
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Figure 22. Anemometer calibratioon curve 13.3 GHz 
scatterometer 35 crosswind. 
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Figure 23. Anemometer calibration curve 13.3 GHz 
scatterometer 25' crosswind. 
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Figure 24. Wind speed as a function of scattering 
coefficient based on adjusted NRL data w i th  
standard deviation i n  wind estimate indicated. 
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Figure 25. Wind speed as a function o f  scattering 
coefficient based on adjusted NRL data with 
standard deviation in  wind estimate indicated. 
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Figure 27. Dynamic range requirements for ice imager-radar , 
AGR l CULTURE SCATTEROMETRY P R O G R A M  
I.  P R E L I M I N A R Y  A N A L Y S I S  OF M I S S I O N  130  L I N E  OF 
13.3 GHz DATA COMPLETED. 
I I. PROCESS1 NG FORfiilAT SPECIF ICAT IONS COMPLETED FOR 
REMAI  NDER OF SCATTEROMETER DATA. 
1. SCALE OF DATA PLOT EQUAL TO PHOTOGRAPHI C 
SCALE. 
2. DATA PROCESSING SAMPLE LENGTH 0.3275 SECOND. 
3. ANGULAR RESOLUTION FREQUENCY B A N D S  SPEC l F l  ED 
FOR + 5 O ,  THROUGH 6 0 '  W I T H  5' INTERVALS.  
I 1 I .  ANALY  S I S OF THE 400 M H z  DATA F R O M  MI S S I ONS 130 
AND 133 I N  PROCESS. 
IV.  A\YAITi NG 13 .3  G H z  DATA F R O M  MI S S I O N S  133, 153, 165, 
168 A N D  THE REMAI NDER OF L l  NES F R O M  MI S S l  ON 130. 
Figure 28. 
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Figure 29.  Representative design for S L A R  for small 
satellite . Poorer range resolution would a l  low 
lower power. 
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Figure 30. Representative polychromatic/polypanchromatic radar system 
for large space craft. 
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AN INTEGRATED STUDY OF EARTH WSOURCES 
I N  THE STATE OF CALIFORNIA 
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ABSTRACT 
The urgent  need t o  manage e a r t h  resources  w i se ly  gene ra t e s ,  i n  
t u r n ,  a  need t o  inventory  them accu ra t e ly .  A s  a  p r e r e q u i s i t e  t o  
i n t e l l i g e n t  management, t h e  e a r t h  resource manager must know, f o r  
each component of t h e  e a r t h  resource  "complex", how much of  it i s  
l o c a t e d  i n  each p o r t i o n  of t h e  a r e a  which he seeks t o  manage, i . e . ,  
he  must have an " in t eg ra t ed"  inventory .  During t h e  p a s t  two yea r s  
remote sens ing  s c i e n t i s t s  on 6 campuses of  t h e  Univers i ty  of Ca l i f -  
o r n i a  have been engaged i n  a  NASA-funded p r o j e c t  which seeks t o  make 
an i n t e g r a t e d  s tudy of t h e  e n t i r e  resource  complex f o r  one of  t h e  
t h r e e  a r eas  which have been s e l e c t e d  by NASA a s  primary t e s t  s i t e s  
f o r  e a r t h  resource  surveys,  v i z .  t h e  s t a t e  of C a l i f o r n i a .  Many of 
t h e  e a r t h  resource  components i n  C a l i f o r n i a ,  a s  i n  most o t h e r  p a r t s  
of  t h e  world,  a r e  dynamic r a t h e r  than  s t a t i c .  Therefore,  it i s  
necessary f o r  t h e s e  resources  t o  be  inven to r i ed  f r equen t ly  and rap- 
i d l y  -- f r equen t ly  s o  t h a t  resource  t r ends  can be  followed -- r a p i d l y  
s o  t h a t  resource  management dec i s ions  can be  made and implemented 
whi le  t h e  inventory  d a t a  a r e  s t i l l  cu r r en t .  Our p re sen t  s t u d i e s ,  
based l a r g e l y  on NASA-flown photography, a r e  g iv ing  major emphasis t o  
such cons ide ra t ions .  These s t u d i e s  g ive  p a r t i c u l a r  cons idera t ion  t o  
t h e  oppor tun i t i e s  t h a t  w i l l  soon be a f fo rded  f o r  s a t i s f y i n g  t h e s e  
requirements through a  combination of human and machine process ing  of 
ERTS-A d a t a  acqui red  (weather  pe rmi t t i ng )  every 18 days. However, 
t h e  wise management of e a r t h  resources  i n  an a r e a  such a s  t h e  s t a t e  
of C a l i f o r n i a  depends on f a r  more than  t h e  mere acqui r ing  of  t ime ly ,  
accu ra t e  resource  i n v e n t o r i e s .  Even when given such informat ion ,  
*Paper presented  a t  t h e  Fourth Annual Ear th  Resources Program 
Review, NASA Manned Spacecraf t  Center ,  Houston, Texas, on January 18 ,  
1972. 
t h e  resource  manager could e a s i l y  make wrong dec is ions  i f  he were t o  
ignore  c e r t a i n  important  socio-economic f a c t o r s .  A l t e rna t e ly  s t a t e d ,  
human needs and emotions cannot be overlooked ( p a r t i c u l a r l y  i n  t h e s e  
days of t h e  environment "crusaders")  a s  we seek b e t t e r  t o  manipulate 
e a r t h  r e sou rces ,  whether on a  l o c a l ,  r e g i o n a l ,  n a t i o n a l  o r  g loba l  
b a s i s .  As w i l l  be  i n d i c a t e d  i n  t h e  p re sen t  paper ,  due cons idera t ion  
i s  being given t o  each of t h e  foregoing f a c t o r s  i n  t h i s  " in t eg ra t ed"  
s tudy .  
INTRODUCTION 
Most u n i v e r s i t y  f a c u l t y  members che r i sh  t h e  p r i v i l e g e  of working 
on research  p r o j e c t s  which a r e  of t h e i r  own choosing. I n  t h e  univer-  
s i t y  atmosphere a  research  s c i e n t i s t  u sua l ly  i s  permi t ted  and even 
encouraged t o  devise  h i s  own research  program, ob ta in ing  f i n a n c i a l  
support  f o r  it a s  necessary through h i s  own vigorous e f f o r t s .  I n  
f a c t ,  a  major f a c t o r  governing h i s  r a t e  of  promotion wi th in  t h e  
u n i v e r s i t y  i s  h i s  " c r e a t i v i t y "  a s  evidenced by h i s  a b i l i t y  t o  perform 
such t a s k s .  
The a n t i t h e s i s  of such a  p r o j e c t  might seem t o  be  embodied i n  
t h e  NASA-funded " in t eg ra t ed"  s tudy ,  which i s  t h e  sub jec t  of my paper .  
That s tudy  i s  being undertaken by more than  20 s e n i o r  s c i e n t i s t s  and 
approximately 40 graduate  and undergraduate s tuden t s  on 6 campuses of 
t h e  Univers i ty  of  C a l i f o r n i a .  Each s c i e n t i s t  p a r t i c i p a t i n g  i n  t h e  
s tudy ( d e t a i l s  of which a r e  about t o  be  descr ibed)  has found it nec- 
e s sa ry  t o  s a c r i f i c e  some of t h e  r e sea rch  autonomy t o  which he has 
grown accustomed, i n  o rde r  t o  improve t h e  degree of i n t e g r a t i o n  t h a t  
might be  achieved,  and hence t h e  o v e r a l l  e f f e c t i v e n e s s  of t h e  s tudy .  
I n  a d d i t i o n  he  has had t o  demonstrate an unusual amount o f  adaptab i l -  
i t y  i n  t h e  r e p o r t i n g  of  h i s  research  r e s u l t s  s i n c e  t h e r e  f r equen t ly  
has been a  need f o r  h i s  con t r ibu t ion  t o  be i n t e g r a t e d  i n t o  t h e  o v e r a l l  
p rogress  r e p o r t  i n  a  way t h a t  d i d  not  recognize h i s  i n d i v i d u a l  c o n t r i -  
bu t ion  a s  c l e a r l y  as it would have been i n  more convent ional  s t u d i e s .  
I n  view of  t h e s e  f a c t s  I would be remiss ,  i n  my capac i ty  a s  p r i n c i p a l  
i n v e s t i g a t o r  f o r  our  i n t e g r a t e d  s tudy ,  i f  I d id  not  t ake  t h i s  oppor- 
t u n i t y  a t  t h e  o u t s e t  t o  commend t h e s e  p a r t i c i p a t i n g  s c i e n t i s t s ,  e r i -  
nent  expe r t s  a s  they  a r e  i n  t h e i r  own r i g h t ,  f o r  t h e  very h igh  degree 
of  a d a p t a b i l i t y  and cooperat iveness  which they  have demonstrated. 
It i s  my p r i v i l e g e  today ,  speaking on behal f  of t h e  many compe- 
t e n t  i nd iv idua l s  who have been p a r t i c i p a t i n g  i n  t h e  p r o j e c t ,  t o  do 
t h e  fol lowing:  (1) desc r ibe  b r i e f l y  t h e  r a t h e r  u n t r a d i t i o n a l  way i n  
which our  p r o j e c t  got  s t a r t e d ,  ( 2 )  i n d i c a t e  t h e  s p e c i f i c  na tu re  of 
t h e  p r o j e c t ,  ( 3 )  desc r ibe  some o f  our  research  accomplishments t o  
d a t e ,  and (4) s t a t e  what we hope t o  accomplish i n  t h e  f u t u r e .  
O R I G I N  OF THE INTEGRATED PROJECT 
Ear ly  i n  1969 t h e  Di rec to r  of  NASA made a  proposal  somewhat along 
t h e  fol lowing l i n e s  t o  t h e  Di rec to r  of t h e  NASA-funded Space Sciences 
Laboratory of t h e  Univers i ty  of C a l i f o r n i a :  " In  add i t i on  t o  t h e  
research  which your l abo ra to ry  i s  a l ready  doing f o r  NASA i n  such 
f i e l d s  a s  p l ane t a ry  physics  and systems a n a l y s i s ,  it would seem des i r -  
a b l e  f o r  you t o  consider  doing work which i s  r e l a t e d  t o  NASA's Ear th  
Resources Survey Program". 
These words of  encouragement l e d  t o  a  s e r i e s  of  planning s e s s i o n s ,  
most of which were p a r t i c i p a t e d  i n  by f a c u l t y  r e p r e s e n t a t i v e s  from 
a l l  of t h e  major campuses of  t h e  Univers i ty  of  C a l i f o r n i a ,  t oge the r  
wi th  one o r  two NASA r e p r e s e n t a t i v e s .  The u n i v e r s i t y  s c i e n t i s t s  pre- 
pared var ious  remote sens ing  proposa ls  dea l ing  wi th  a  l a r g e  number of  
t o p i c s  which ranged from t h e  g loba l  monitoring of  vo lcanic  e rupt ions  
t o  t h e  s tudy of ae roso l s  i n  t h e  atmosphere. Among t h e s e  was a  pro- 
posa l  t o  conduct an i n t e g r a t e d  s tudy of C a l i f o r n i a ' s  e n t i r e  "resource 
complex" through remote sens ing  from a i r c r a f t  and s p a c e c r a f t .  
Of t h e s e  var ious  proposa ls ,  only t h e  l a t t e r  l e d  t o  funding by 
NASA, t h e  f i r s t  a l l o c a t i o n  o f  funds having been made i n  May, 1970. 
From t h e  o u t s e t ,  h a l f  o f  t h e s e  funds have been con t r ibu ted  by t h e  
NASA Ear th  Resources Survey Program and h a l f  by t h e  NASA Of f i ce  of 
Univers i ty  A f f a i r s ,  bu t  wi th  a  s u b s t a n t i a l  amount of matching support  
by t h e  Univers i ty  of C a l i f o r n i a .  
Since i t s  i ncep t ion  t h i s  s tudy  has been given t h e  r a t h e r  cumber- 
some but  a p t l y  d e s c r i p t i v e  t i t l e :  " ~ n  I n t e g r a t e d  Study of  Ear th  
Resources i n  t h e  S t a t e  of  C a l i f o r n i a  Using Remote Sensing Techniques1'. 
Reasons f o r  s e l e c t i n g  t h e  s t a t e  of  C a l i f o r n i a  f o r  t h e  t e s t  s i t e  
included t h e  fol lowing:  
1. It e x h i b i t s  a  g r e a t  v a r i e t y  of e a r t h  resources ,  landforms 
and c l i m a t i c  f a c t o r s .  
2 .  Large amounts of  remote sens ing  d a t a  and a s soc i a t ed  ground 
t r u t h  d a t a  a l r eady  a r e  a v a i l a b l e  f o r  many p a r t s  of Ca l i f -  
o r n i  a .  
3. With r e spec t  t o  e a r t h  resource  management, var ious  s o c i a l  
and environmental s t r e s s e s  a l ready  a r e  being f e l t  s t r o n g l y ,  
making C a l i f o r n i a  a  model of t h ings  t o  come, both  n a t i o n a l l y  
and g l o b a l l y .  
4. Many competent phys i ca l  and s o c i a l  s c i e n t i s t s  now r e s i d i n g  
i n  C a l i f o r n i a  could b e ,  and want t o  be ,  ass igned  t o  such 
i n t e g r a t e d  s t u d i e s .  
5 .  Appropriate  NASA-funded f a c i l i t i e s  and a s s o c i a t e d  admin- 
i s t r a t i v e  c a p a b i l i t i e s  f o r  t h e  conduct of such s t u d i e s  
a l r eady  e x i s t  i n  C a l i f o r n i a .  
NATURE OF THE STUDY 
It was recognized i n  our  proposa l  t o  NASA t h a t  l i t t l e  would be 
accomplished under t h i s  i n t e g r a t e d  s tudy I f  we at tempted t o  i n v e s t i -  
g a t e ,  a t  t h e  o u t s e t ,  a l l  components of C a l i f o r n i a ' s  e n t i r e  e a r t h  
resource  complex, s ta tewide .  I d e a l l y  we would begin our s tudy  by 
i n v e s t i g a t i n g  some phase of t h i s  complex which was both  d i s c r e t e  and 
l i m i t e d ,  bu t  which neve r the l e s s  r equ i r ed  a  cons ide ra t ion  of bo th  t h e  
resource  i n t e r r e l a t i o n s h i p s  and t h e  a t t i t u d e s  of t h e  people i n  a  
very  s i z a b l e  p a r t  of t h e  s t a t e .  Given t h e s e  c o n s t r a i n t s  and ambitions 
we t e n t a t i v e l y  s e l e c t e d  t h e  "Ca l i fo rn i a  Water P ro j ec t "  a s  t h e  f o c a l  
p o i n t  f o r  t h i s  i n i t i a l  phase of our  s tudy .  The word " t e n t a t i v e l y "  i s  
used advisedly  because it was recognized t h a t  resource  managers and 
admin i s t r a to r s ,  p a r t i c u l a r l y  w i t h i n  t h e  Adminis t ra t ive  Branch of t h e  
s t a t e  of C a l i f o r n i a ,  would need t o  be consul ted  i n  o rde r  t o  determine 
(1) whether such a study would meet w i th  t h e i r  favor  o r  d i s f avor  and 
( 2 )  whether ,  i n  t h e  event  t h a t  we were au thor ized  and funded t o  con- 
duct  such a s tudy ,  mutually b e n e f i c i a l  working r e l a t i o n s h i p s  w i th  
resource  managers i n  t h e  Adminis t ra t ive  Branch might be developed. 
I n i t i a l l y  t h e r e  were some s e r i o u s  r e se rva t ions  expressed by 
personnel  i n  t h e  C a l i f o r n i a  Resources Agency, and elsewhere i n  t h e  
Adminis t ra t ive  Branch, a s  t o  t h e  a d v i s a b i l i t y  of  our  conducting those  
a spec t s  of  our s tudy t h a t  r e l a t e d  s p e c i f i c a l l y  t o  t h e  C a l i f o r n i a  Water 
P r o j e c t .  They po in t ed  out  t h a t  most of t h e  dec i s ions  t h a t  were 
r equ i r ed  bo th  i n  conceiving and i n  developing t h e  C a l i f o r n i a  Water 
P r o j e c t  a l ready  had been made long be fo re  our  s tudy was proposed. We 
were w e l l  aware of  t h i s  f a c t  and had been regard ing  it a s  a  major 
s t r e n g t h  r a t h e r  t han  a  weakness i n  our  proposed s tudy ,  s i n c e  our  
o b j e c t i v e  was not  t o  provide a  " c r i t i q u e f 1  of  e i t h e r  t h e  concept t h a t  
r e s u l t e d  i n  a u t h o r i z a t i o n  of t h e  C a l i f o r n i a  Water P r o j e c t  o r  t h e  s t e p s  
be ing  taken  t o  implement i t .  I n s t e a d ,  we were hoping t o  be  a b l e  t o  
use  i n  our  proposed s tudy t h e  va luab le  experiences gained and ground 
t r u t h  d a t a  acqui red  by t h o s e  who had been working f o r  many y e a r s  on 
t h e  C a l i f o r n i a  Water P r o j e c t .  We recognized t h a t  it would be  pro- 
h i b i t i v e l y  c o s t l y  and t ime consuming f o r  u s  t o  at tempt  t o  acqu i r e  t h i s  
sane k ind  of " input"  independent ly.  However it was our b e l i e f ,  a s  
expressed i n  our  proposa l ,  t h a t  t h i s  s i t u a t i o n  enhanced t h e  usefu lness  
of t h e  s t a t e  of C a l i f o r n i a  a s  a  " c a l i b r a t i o n "  t e s t  s i t e ,  and of t h e  
C a l i f o r n i a  Water P r o j e c t  a s  a  " c a l i b r a t i o n "  p r o j e c t ,  so  t h a t  our 
r e sea rch  f ind ings  could be app l i ed ,  by e x t r a p o l a t i o n ,  t o  o the r  p a r t s  
of  t h e  world t h a t  were l e s s  developed than  Ca l i fo rn i a  y e t  h ighly  
analogous t o  it i n  terms of  c h a r a c t e r i s t i c s  of t h e  t o t a l  resource  
complex. By t h e  t ime t h e s e  d i scuss ions  had been concluded, an amica- 
b l e  r e l a t i o n s h i p  wi th  t h e  Adminis t ra t ive  Branch had been developed 
and t h i s  f a c t  was made known t o  t h e  app ropr i a t e  NASA a u t h o r i t i e s  a t  
t h e  t ime when f i n a l  cons ide ra t ion  was be ing  given t o  our proposa l .  
During t h e  pe r iod  i n  which we have been conducting t h i s  NASA- 
funded s tudy ,  we have given numerous b r i e f i n g s  t o  t h e  app ropr i a t e  
i nd iv idua l s  i n  t h e  C a l i f o r n i a  Adminis t ra t ive  Branch. I n  r ecen t  months 
t h i s  procedure has been r e spons ib l e ,  i n  p a r t ,  f o r  t h e  development of 
complementary r a t h e r  t han  competi t ive ERTS-A and SKYLAB proposa ls  by 
t h e  Adminis t ra t ive  Branch and t h e  Un ive r s i t y  of  C a l i f o r n i a ,  respec- 
t i v e l y .  Evidence of t h e  success  t h a t  has t hus  been achieved,  d e s p i t e  
t h e  f a c t  t h a t  i n i t i a l l y  t h e r e  were many formidable diplomatic  d i f f i -  
c u l t i e s ,  can be  found i n  t h e  fol lowing quotes from a  l e t t e r  t o  NASA 
from C a l i f o r n i a ' s  L t .  Governor Reinecke, da ted  A p r i l  1 3 ,  1971, t h e  
purpose of  which was t o  comment upon t h e  U n i v e r s i t y ' s  ERTS-SKYLAB 
proposal  a s  viewed by t h e  Adminis t ra t ive  Branch: "On behal f  of  t h e  
S t a t e  of C a l i f o r n i a ,  I wish t o  t a k e  t h i s  oppor tuni ty  t o  s t rong ly  
endorse t h i s  proposa l  . . . M r .  Norman B. Livermore, Secretary-Resource 
Agency, and M r .  E a r l  Coke, Secre ta ry-Agr icu l ture  and Se rv ices  Agency, 
who r ep resen t  t h e  l a r g e s t  segments of  s t a t e  government u t i l i z i n g  t h i s  
d a t a ,  and who have con t r ibu ted  guidance and impetus t o  t h e  proposed 
program, w i l l  provide f u r t h e r  l e a d e r s h i p  and a s s i s t a n c e  a s  required1 ' .  
The emphasis a l r eady  given i n  t h i s  paper t o  mat te rs  of  "protocol"  
i s  a h ighly  purposefu l  one. For h e r e i n  may l i e  t h e  g r e a t e s t  de t e r -  
minant of f u t u r e  successes  f o r  t h e  e n t i r e  NASA-sponsored Ea r th  
Resources Survey Program. The s k e p t i c s  a r e  f i n a l l y  becoming convinced 
t h a t  meaningful resource  surveys and r e l a t e d  information of a  h ighly  
d e t a i l e d  na tu re  can be acqui red  p r imar i ly  by means of remote sens ing  
from a i r c r a f t  and s p a c e c r a f t .  Therefore ,  many of them a r e  becoming 
q u i t e  s e n s i t i v e  about t h e  k inds  of surveys t h a t  should be permi t ted .  
To ignore  t h i s  f a c t  i n  f u t u r e  s t u d i e s  conducted under t h e  NASA Ear th  
Resources Survey Program may be t o  ensure a t  t h e  o u t s e t  t h e  u l t ima te  
f a i l u r e  of such s t u d i e s .  So important  i s  t h i s  development, i n  t h e  
view of t h e  present  w r i t e r ,  t h a t  it w i l l  be  r e f e r r e d  t o  aga in  i n  a  
concluding s e c t i o n  of h i s  paper ,  bu t  wi th  referen-ce t h e r e  p r imar i ly  
t o  i t s  i n t e r n a t i o n a l  imp l i ca t ions .  
FRAMEWOFK WITHIN WHICH TO VIEW THE STUDY 
A key word i n  t h e  t i t l e  of  t h i s  s tudy ,  which se rves  t o  d i f f e r -  
e n t i a t e  it from o the r  e a r t h  resource  survey s t u d i e s  t h a t  have been 
f'unded t o  d a t e  by NASA, i s  t h e  word " in tegra ted" .  According t o  t h e  
d i c t i o n a r y ,  t h e  term " in t eg ra t e "  means " to  form i n t o  a  whole; t o  
u n i t e  wi th  something e l s e ;  o r  t o  i nco rpora t e  i n t o  a  l a r g e r  un i t " .  I n  
o rde r  t o  app rec i a t e  how such a  concept might b e s t  apply t o  t h e  ind i -  
v idua l  and c o l l e c t i v e  e f f o r t s  under t h i s  multi-campus p r o j e c t ,  l e t  us  
consider  t h e  d e s i r e s  of two groups t h a t  a r e  c e r t a i n  t o  be i n t e r e s t e d  
i n  t h i s  p r o j e c t  and i t s  f i nd ings .  
On t h e  one .hand,  t h e r e  a r e  t hose  a l ready  r e f e r r e d  t o  who n e e d ' t o  
make major p o l i c y  dec i s ions  wi th  r e spec t  t o  t h e  e a r t h  resources  i n  a  
p a r t i c u l a r  geographic a r e a  and then  t o  develop management p l ans  t h a t  
w i l l  t hose  dec is ions  t o  be implemented i n  an e f f i c i e n t  manner. 
On t h e  o t h e r  hand, t h e r e  a r e  d a t a  a c q u i s i t i o n  and d a t a  process ing  
s p e c i a l i s t s  who a r e  i n t e r e s t e d  i n  knowing ( a )  what package of remote 
sensing devices  (and t h e  a s soc i a t ed  a i r c r a f t  and spacec ra f t  f o r  t r a n s -  
p o r t i n g  t h e s e  devices)  might b e s t  be used t o  c o l l e c t  meaningful e a r t h  
resource  d a t a  on a  g loba l  b a s i s ,  and ( b )  what techniques and equipment 
should be used i n  e x t r a c t i n g  u s e f u l  information from t h e  acqui red  
d a t a .  
The i n t e r e s t  o f  bo th  groups i n  having research  done i n  t h e  s t a t e  
of  C a l i f o r n i a  r e s u l t s  p r imar i ly  from t h e  f a c t  t h a t  t h e  f i nd ings  made 
t h e r e  by a  competent group of s c i e n t i s t s  might be app l i ed ,  wi th  only 
s l i g h t  modi f ica t ion ,  t o  v a s t  p a r t s  of t h e  globe which a re ,  t o  vary ing  
degrees ,  analogous t o  t h e  s t a t e  of  Ca l i fo rn i a  i n  terms of t h e  complex 
of e a r t h  resources  exh ib i t ed  and e a r t h  resource management dec i s ions  
t o  be made. 
The l i n k s  of a  cha in  which might se rve  t o  t i e  t h e s e  two groups . 
t oge the r  a r e  i nd ica t ed  i n  t h e  diagram i n  F igure  1. Areas of research  
emphasis of  t h e  d i f f e r e n t  campuses responsive t o  t h e s e  d i f f e r e n t  l i n k s  
a r e  i l l u s t r a t e d  i n  Figure 2. 
An a d d i t i o n a l  way i n  which t o  view t h e  l i n k s  by means o f  which 
remote sens ing  techniques can be  used t o  s a t i s f y  t h e  informat iona l  
requirements of var ious  resource  management groups appears i n  F igure  3. 
It  i s  t o  be  emphasized t h a t  our  i n i t i a l  e f f o r t s ,  a s  suggested by t h e  
c e n t r a l  po r t ion  of t h i s  diagram, have d e a l t  wi th  one resource  -- t h e  
water  resource  -- and furthermore have been q u i t e  s p e c i f i c  i n  dea l ing  
almost e n t i r e l y  w i t h  one example of t h a t  resource  and t h e  management 
problems a s soc i a t ed  with i t ,  v i z .  t h e  Ca l i fo rn i a  Water P r o j e c t .  Even 
within this limited context, however, we are making a sizable effort 
to achieve "integration" in our study from three standpoints, data 
acquisition, data analysis and data use as indicated in the three 
paragraphs which follow. 
From the data acquisition standpoint this study seeks to inte- 
grate: (1) data acquired from sensors operating in several wave- 
length bands (the Multispectral or Multiband concept); (2) data 
acquired from sensors operating at several different times (the 
~ei~oral or Multidate concept) ; (3) data acquired from two or more 
stations in the same flight path (the Parallax or Multistation concept; 
(4) data acquired using both like- and cross-polarization sensors (the 
Multipolarization concept); ( 5 )  data acquired from two or more nearly 
identical images (the "improved signal-to-noise" or Multi-image Cor- 
relation concept); and (6) data acquired from space, air and ground 
(the Multi-stage concept). 
From the data analysis standpoint this study seeks to integrate: 
(1) analyses contributed by analysts from several disciplines (the 
Multi-disciplinary concept); (2) analyses made possible through the 
making of various optical and electronic image enhancements (the 
- - 
Multi-enhancement concept); and '(3) analyses made possible through 
proper interaction between humans and machines (the "~uman" vs.  
- 
"Automatic" or Multiple Data Processing concept).. 
From the information use standpoint this study seeks to inte- 
grate: (1) information about all components of the total resource 
''complex" and the inter-relations of these components (the Multi- 
resource concept); (2) information needed in producing several kinds 
of earth resource products from the same piece of property (the Multi- 
use concept); (3) information needed by several types of earth 
-
resource managers and consumers (the Multi-user concept); (4) infor- 
mation displayed in various formats (thematic maps, 3-D models , anno- 
tated,photo mosaics, tables, graphs, etc.) to be* aisfy the various 
multi-use and multi-user requirements and preferences (the Multi- 
display concept); and ( 5 )  information about inter-relations Gong 
earth resource components and the uses of these components'in one 
geographic area vs. another (the Multi-association concept) : 
While this "multi" concept could be still further enlarged upon, 
perhaps it already has been overdone in the preceding paragraphs. 
Nevertheless, at the very heart of our integrated study is the central 
theme implied above and expressed as follows: The providing of useful 
information about earth resources through the use of remote sensing 
techniques is, at best, a difficult task. In fact it becomes an 
almost futile task if only one image of the area of interest is given 
in the completely unenhanced form, to one analyst, and he uses only 
one approach i n  at tempting t o  e x t r a c t  u se fu l  information from it t h a t  
might be of use  t o  only one of  t h e  hos t  of  p o t e n t i a l  b e n e f i c i a r i e s  of  
such informat ion .  I n  c o n t r a s t  wi th  t h i s  l i m i t e d  approach, each o f  
t h e  " m u l t i "  concepts j u s t  expressed may add a  small  amount t o  h i s  
a b i l i t y  t o  improve t h e  usefu lness  of  resource  information t h a t  he i s  
a t tempting t o  provide.  Furthermore, t h e  o v e r a l l  usefu lness  of t h e  
f i n a l  product may be improved f a r  more than  might be suggested merely 
by summing up t h e  improvements made poss ib l e  through employing t h e s e  
var ious  " m u l t i "  concepts ,  as  app ropr i a t e .  Hence, a t  some po in t  i n  
t h e  process  a  t h re sho ld  i s  crossed ,  t o  t h e  l e f t  of which t h e  in fo r -  
mation acqui red  by remote sens ing  i s  v i r t u a l l y  wor th less  and t o  t h e  
r i g h t  of which it becomes p rog res s ive ly  more u s e f u l ,  even t o  t h e  
p o i n t  of  becoming t h e  most u se fu l  combination of t o o l s  and techniques 
a v a i l a b l e  t o  those  i n t e r e s t e d  i n  achieving t h e  wises t  p o s s i b l e  manage- 
ment of t h i s  g lobe ' s  c r i t i c a l l y  l i m i t e d  complex of e a r t h  resources .  
NATURF: OF THE CALIFORNIA WATER PROJECT 
Because of t h e  i n i t i a l  emphasis being placed i n  our  s tudy on t h e  
C a l i f o r n i a  Water P r o j e c t ,  it i s  deemed appropr ia te  t o  provide here  a  
b r i e f  h i s t o r i c a l  review and synopsis  of t h a t  p r o j e c t .  
The C a l i f o r n i a  Water P r o j e c t  i s  t h e  f i r s t  major water  resource  
development under t h e  C a l i f o r n i a  Water P lan .  The masterplan was pub- 
l i s h e d  by t h e  Department of Water Resources ( B u l l e t i n  3) and approved 
by t h e  S t a t e  Leg i s l a tu re  i n  1959. It i s  t h e  outgrowth of  s t u d i e s  i n  
t h e  1950's  of t h e  u l t ima te  p o t e n t i a l  use  of t h e  land and water  resomes  
of t h e  s t a t e  a s  pe r  B u l l e t i n s  1 and 2 of  t h e  DWR. 
The S t a t e  Water P r o j e c t  ( s e e  F igure  4) w i l l  d e l i v e r  4,320,000 
a c r e  f e e t  of water  annual ly t o  Cent ra l  and Southern C a l i f o r n i a .  The 
major supply of water comes from t h e  Fea ther  River  and i s  impounded by 
t h e  Orov i l l e  Dam f o r  subsequent r e l e a s e  through t h e  Sacramento River  
and t h e  De l t a  pool  t o  pumps on t h e  south s i d e  of t h e  De l t a .  Water i s  
pump l i f t e d  t o  t h e  South Bay Aqueduct and t h e  Ca l i fo rn i a  Aqueduct (244 
f e e t ) .  
The C a l i f o r n i a  Aqueduct, which w i l l  d e l i v e r  t h e  water  t o  Southern 
C a l i f o r n i a ,  c a r r i e s  t h e  flow t o  t h e  j o i n t  f e d e r a l - s t a t e  u t i l i t y ,  San 
Luis Reservoi r ,  t h e  second major s to rage  r e s e r v o i r  of t h e  P r o j e c t .  
De l ive r i e s  a r e  made from t h e  San Luis Reservoir  t o  t h e  f e d e r a l  Cent ra l  
Valley P r o j e c t  i n  t h e  C a l i f o r n i a  Aqueduct f o r  de l ive ry  t o  t h e  southern 
San Joaquin Valley and Southern C a l i f o r n i a .  A t  t h e  south end of t h e  
Cent ra l  Val ley,  P r o j e c t  water  i s  pump l i f t e d  nea r ly  two thousand f e e t  
through t h e  Tehachapi Mountains. South of t h e  Tehachapi 's  t h e  system 
d iv ides  i n t o  a West Branch f o r  d e l i v e r y  t o  t h e  MWD and a number of  
smal le r  c o n t r a c t o r s ,  and an Eas t  Branch f o r  de l ive ry  t o  Antelope 
Valley-Mojave Desert  water  agencies  and t h e  ba lance  of  t h e  MWD commit- 
ments. The t e rmina l  r e s e r v o i r s  f o r  t h e  p r o j e c t  a r e  Cas t a i c  i n  t h e  
Eas t  and Lake P e r r i s  i n  t h e  sou theas t .  The P r o j e c t  i s  t h e  l a r g e s t  
s i n g l e  water  resource  development undertaken i n  t h e  United S t a t e s .  I n  
a d d i t i o n  t o  t h e  t r a n s f e r  of 4,230,000 ac re  f e e t  annual ly  through 684 
mi les  of aqueducts it provides a s t o r a g e  capac i ty  o f  nea r ly  7 m i l l i o n  
a c r e  f e e t .  The p r o j e c t  f a c i l i t i e s  w i l l  genera te  5 . 3  m i l l i o n  ki lo-watt  
hours of e l e c t r i c i t y  annual ly and consume 13.4 m i l l i o n  ki lo-watt  hours 
annual ly a t  full development. 
A number of  e s s e n t i a l  f e a t u r e s  of t h e  C a l i f o r n i a  Water P r o j e c t  
a r e  s t i l l  i n  va r ious  s t a g e s  of s tudy  and l i t i g a t i o n .  Fu tu re  water  
supp l i e s  t o  augment t h e  C a l i f o r n i a  Aqueduct and t h e  De l t a  Pool  may b e  
needed be fo re  t h e  p r o j e c t  can ope ra t e  a t  ful l  capac i ty .  A P e r i p h e r a l  
Canal around t h e  De l t a  has  been proposed t o  p r o t e c t  t h e  ecology of  
t h e  San Franc isco  Bay and De l t a  a r eas  a s  w e l l  a s  t o  provide f o r  an 
adequate flow of f r e s h  water .  The Cent ra l  Val ley Master Drain t o  
prevent  s o i l  s a l t s  from accumulating i s  s t i l l  i n  abeyance u n t i l  agree- 
ment i s  reached on repayment of i t s  c o s t .  
I n  t o t a l ,  t h e  S t a t e  Water P r o j e c t  i s  over  95% completed o r  under 
cons t ruc t ion .  A s  of l a t e  1969 it was ope ra t iona l  t o  no r the rn  Kern 
County. The tunne l s  through t h e  Tehachapi Mountains a r e  completed 
and most of t h e  cons t ruc t ion  on t h e  pumping p l a n t s  has  been completed, 
wi th  t h e  r e s u l t  t h a t  t h e  f i r s t  water  from t h i s  p r o j e c t  was d e l i v e r e d  
t o  Southern C a l i f o r n i a  i n  October,  1971. The aqueducts of  bo th  t h e  
West and Eas t  Branches of  t h e  system a r e  under cons t ruc t ion  a s  w e l l  a s  
t h e  fou r  major r e s e r v o i r s ,  Pyramid Lake, Cas ta ic  Lake, Silverwood Lake 
and Lake P e r r i s .  The d e l i v e r y  of water  t o  Los Angeles County i s  soon 
t o  be  followed by d e l i v e r y  of  water  t o  both  San Bernardino and River- 
s i d e  Counties.  
Water d e l i v e r i e s  from Cas t a i c  Lake w i l l  be  made t o  t h r e e  water  
c o n t r a c t o r s .  The p r i n c i p a l  u s e r ,  Metropol i tan Water D i s t r i c t  of 
Southern C a l i f o r n i a ,  w i l l  r ece ive  more than  1 . 4  m i l l i o n  a c r e  f e e t  p e r  
y e a r  from t h a t  f a c i l i t y  a f t e r  1990. Water d e l i v e r y  a t  t h e  Devil  Can- 
yon Powerplant near  San Bernardino w i l l  i nc lude  s e r v i c e  t o  a l l  t h e  
San Bernardino-Riverside a r e a .  When t h e  terminus r e s e r v o i r ,  Lake Per- 
r i s ,  i s  completed, it w i l l  s e rve  t h i s  a r e a  a s  w e l l  a s  t h e  ex tens ive  
water  market which inc ludes  San Diego and Orange Counties .  Water 
d e l i v e r y  from t h e  P e r r i s  Reservoi r  i s  expected i n  t h e  e a r l y  months of 
1973. 
Financing f o r  t h e  S t a t e  Water P r o j e c t  has  been a problem a r e a  
almost from i t s  i ncep t ion .  A t  t h e  t ime of i t s  a u t h o r i z a t i o n  i n  1960 
t h e  cos t  was es t imated  a t  1 .75  b i l l i o n  d o l l a r s .  Today t h e  conserva t ive  
c o s t s  es t imates  of t h e  DWR amount t o  2.8 b i l l i o n  d o l l a r s ,  while  more 
l i b e r a l  e s t ima te s  p r o j e c t  a  cos t  of 4 .0 b i l l i o n  d o l l a r s .  P r o j e c t  
customers w i l l  repay those  amounts a l l o c a t e d  t o  water  supply,  hydro- 
e l e c t r i c  power and a g r i c u l t u r a l  waste d i sposa l  amounting t o  90%. The 
remaining 10% w i l l  be  r epa id  by f e d e r a l  f l ood  c o n t r o l  funds and s t a t e  
t i d e l a n d  o i l  and gas revenues. 
The C a l i f o r n i a  Water P r o j e c t  i s  only one of a  number of  l a r g e  
inpu t s  i n t o  t h e  Southern Coastal  Hydrographic Uni t .  The l o c a l  s a f e  
y i e l d  s u p p l i e s  and t h e  imported water  from Owens Valley and t h e  Colo- 
rado River  exceed t h e  p r o j e c t e d  import of  P r o j e c t  waters .  The problems 
a s s o c i a t e d  wi th  water  resources  and water  impor ta t ion  a r e  numerous. 
The P r o j e c t  w i l l  a l l e v i a t e  such s i t u a t i o n s  a s  sporadic  water  runof f ,  
m a l d i s t r i b u t i o n  of water  supply,  ground water  ove rd ra f t  and t h e  i n t r u -  
s i o n  of s e a  water .  On t h e  o t h e r  hand, i t  r a i s e s  and con t r ibu te s  t o  
s t i l l  o t h e r  problems such a s  inadequate  dra inage ,  d i sputed  water  
r i g h t s ,  water  p r i c i n g  p o l i c i e s  of agencies  such as  t h e  MWD and t h e  
genera l  e f f i c a c y  of water  r e d i s t r i b u t i o n  and t h e  e f f i c i e n c y  of  water  
use .  
UNIVERSITY PARTICIPANTS AND THEIR FIELDS OF STUDY 
Figure  4 shows t h e  l o c a t i o n s  of s tudy a reas  f o r  c e r t a i n  of t h e  
p a r t i c i p a n t s  i n  t h i s  6-campus p r o j e c t .  A seventh campus   an ~ i e ~ o )  
a l s o  i s  shown because of t h e  p r o b a b i l i t y  of p a r t i c i p a t i o n  by sc ien-  
t i s t s  from t h a t  campus and from o t h e r s  whose research  a c t i v i t i e s  
on our i n t e g r a t e d  p r o j e c t  a r e  of such a  na tu re  t h a t  they  a r e  not  
l o g i c a l l y  d i r e c t e d  toward any one o f  t h e  s tudy a reas  shown i n  
F igure  5 .  
A summary of t h e  co- inves t iga tors  on t h e  var ious  campuses and of  
t h e  s p e c i f i c  phases with which they  a r e  concerned i s  a s  fol lows:  
1. Def in i t i on  of e a r t h  resource  po l i cy  and management problems 
i n  C a l i f o r n i a  
C .  West Churchman and Alexander Mood 
( ~ e r k e l e ~  and I r v i n e  campuses ) 
2. D e f i n i t i o n  of  t h e  information requirements of hydrologic  
resource  managers 
Robert Burgy and David Storm ( ~ a v i s  campus) 
3. Measurement of hydrologic  resource  parameters through remote 
sens ing  i n  t h e  Fea ther  River headwaters a r e a  
Gene Thorley,  e t  a 1  ( ~ e r k e l e y  campus) 
4. Studies  of  r i v e r  meanders 
Gerald Schubert and Richard L ingenfe l t e r  
(LOS Angeles campus) 
5 .  Assessment of t h e  impact of t h e  C a l i f o r n i a  Water P r o j e c t ,  
t h e  wes ts ide  of t h e  San Joaquin Valley 
John E s t e s ,  e t  a 1  ( ~ a n t a  Barbara campus) 
6. Assessment of t h e  impact of t h e  C a l i f o r n i a  Water P r o j e c t ,  
southern  C a l i f o r n i a  
Leonard Bowden, e t  a 1  ( ~ i v e r s i d e  campus) 
7. D i g i t a l  handl ing  and process ing  of remote sensing d a t a  
Vida l  Algazi and Dave Sakr i son  
( ~ a v i s  and Berkeley campuses) 
8. I n v e s t i g a t i o n  of atmospheric e f f e c t s  i n  image t r a n s f e r  
K i n s e l l  Coulson and Robert Wolraven ( ~ a v i s  campus) 
The above l i s t i n g  of t h e  var ious  phases of our i n t e g r a t e d  s tudy 
serves  t o  i n d i c a t e  i t s  unusual ly g r e a t  breadth  a s  compared wi th  o t h e r  
s t u d i e s  t h a t  have been funded t o  da t e  under t h e  NASA Ear th  Resources 
Survey Program. Because of t h i s  breadth  it has been necessary t o  g ive  
a cons iderable  amount of thought t o  t h e  ques t ion  of how one might b e s t  
r e p o r t ,  i n  a b r i e f  paper  such a s  t h i s ,  t h e  most s i g n i f i c a n t  r e s u l t s  
of our i n t e g r a t e d  s tudy .  As r e c e n t l y  a s  6 o r  8 yea r s  ago t h e  most 
e f f e c t i v e  r e p o r t  on such a p r o j e c t  probably would have been one i n  
which g r e a t  emphasis was p laced  on t h e  inc lus ion  of h ighly  c o l o r f u l  
i n f r a r e d  Ektachrome photos of va r ious  po r t ions  of our  t e s t  s i t e ,  
t oge the r  wi th  t h e  i n c l u s i o n  of s u i t a b l e  annota t ions  and capt ions  
i n d i c a t i n g  t h e i r  u se fu lnes s  i n  resource  inventory .  A t  t h a t  t ime most 
of t h e  p re sen t  p a r t i c i p a n t s  i n  t h e  nationwide NASA Ear th  Resources 
Survey Program had seen few, i f  any, i n f r a r e d  Ektachrome photos,  even 
though o t h e r s  i n  t h e  program have been working on such photography 
f o r  nea r ly  30 y e a r s .  The s i t u a t i o n  has changed dramat ica l ly  i n  t h e  
l a s t  few y e a r s ,  however, t o  t h e  po in t  where most of us  probably a r e  
weary of  see ing  t h e  o t h e r  f e l l o w ' s  l a t e s t  i n f r a r e d  Ektachrome photos-, 
however e n t h u s i a s t i c  we may be about our own! * 
s i m i l a r l y ,  any such r e p o r t ,  i f  given a s  r e c e n t l y  a s  two o r  t h r e e  
years  ago, might app ropr i a t e ly  have placed i t s  major emphasis on 
g u a n t i t a t i v e  expressions of  t h e  ex t en t  t o  which c e r t a i n  important 
e a r t h  resource  f e a t u r e s  can be  i d e n t i f i e d  on var ious  kinds of imagery 
taken  from a i r c r a f t  and s p a c e c r a f t .  A t  t h a t  t ime t h e r e  was a  c ry ing  
need f o r  such q u a n t i t a t i v e  information -- a  f a c t  t h a t  was vigorously 
poin ted  out  by t h e  NASA convenors of one of  our  annual reviews. This  
s i t u a t i o n ,  l i kewise ,  has been dramat ica l ly  r e c t i f i e d  i n  t h e  i n t e r i m  
t o  t h e  p o i n t  t h a t  many of  our  present-day r e p o r t s  t o  NASA seem t o  be  
l i t e r a l l y  clogged wi th  confessions about our  " e r r o r s  of omission' ' ,  
' ' e rrors  of commission" and "probable l e v e l s  of s ign i f i cance" .  
Many apsec t s  of our  6-campus i n t e g r a t e d  s tudy have, indeed,  
e n t a i l e d  t h e  use  of b e a u t i f u l  i n f r a r e d  Ektachrome photos.  Fur ther -  
more, some of  our  f i nd ings  a r e ,  indeed,  h ighly  s i g n i f i c a n t  t o  umpteen 
p l aces  and s e v e r a l  degrees of confidence,  i f  not  overconfidence. 
These f a c t s  w i l l  be  apparent  t o  anyone who reads our  pe r iod ic  r e p o r t s .  
However, t h e r e  a r e  o t h e r  a spec t s  of  t h i s  s tudy  which would seem t o  
mer i t  even g r e a t e r  emphasis now t h a t  t h e  concept 'of  inventory ing  
e a r t h  resources  by remote sens ing  has come of age. These a r e  a spec t s  
r e s u l t i n g  from t h e  a t t e n t i o n  which i s  be ing  given i n  our i n t e g r a t e d  
s tudy t o  c e r t a i n  broad ques t ions  which p e r t a i n ,  no t  t o  resource  
inventory ,  bu t  t o  resource  management. Such ques t ions  a r e  a r i s i n g  a t  
t h i s  p a r t i c u l a r  t ime i n  r e l a t i o n  t o  t h e  Ear th  Resources Survey Program 
p r imar i ly  because of  t h e  fol lowing reason:  The s t u d i e s  which many 
i n v e s t i g a t o r s ,  nationwide, have been conducting under t h a t  program a r e  
a t  l a s t  convincing t h e  s k e p t i c s  t h a t  it soon w i l l  indeed be p o s s i b l e  
t o  make meaningful e a r t h  resource  surveys p r imar i ly  by remote sens ing  
from a i r c r a f t  and s p a c e c r a f t .  Now t h a t  they  a r e  beginning t o  t a k e  us 
s e r i o u s l y ,  they  a l s o  a r e  beginning t o  r a i s e  some hard ques t ions  about 
t h e  impact which such surveys may have, d i r e c t l y  o r  i n d i r e c t l y ,  upon 
man and h i s  environment. 
But f i r s t  l e t  us provide a  b r i e f  summary of  some of our  f i nd ings  
t o  d a t e  r e l a t i v e  t o  t h e  inventory  of r e l e v a n t  components of t h e  
resource  complex wi th  which t h e  C a l i f o r n i a  Water P r o j e c t  i s  concerned. 
Cons is ten t  wi th  our previous d e s c r i p t i o n  of t h i s  p r o j e c t  w e  w i l l  
r e p o r t  f i nd ings  s e p a r a t e l y  f o r  t h e  "source",  " cen t r a l "  and "sink" 
a reas .  
* I n  t h i s  r ega rd  a  f e l l ow s c i e n t i s t  s a i d  r e c e n t l y ,  "~ometimes I 
th ink  t h e  whole world must be t u r n i n g  red". 
REMOTE SENSING ACTIVITIES AND ACCOMPLISHMENTS I N  
THE SOURCE AREA FOR THE CALIFORNIA WATER PROZCT 
The headwaters o f  t h e  Fea the r  River ,  p r i n c i p a l  source of water  
f o r  t h e  C a l i f o r n i a  Water P r o j e c t ,  inc ludes  t h e  NASA Bucks Lake For- 
e s t r y  Tes t  S i t e .  Under sponsorship of t h e  NASA Ear th  Resources Sur- 
vey Program, t h a t  t e s t  s i t e  had a l ready  been under s tudy by Univer- 
s i t y  of C a l i f o r n i a  s c i e n t i s t s  f o r  approximately 5 yea r s  be fo re  t h e  
s t a r t  of t h e  p re sen t  i n t e g r a t e d  s tudy .  During t h i s  p r i o r  pe r iod ,  
emphasis had been p laced  on determining t h e  ex t en t  t o  which var ious  
kinds of e a r t h  resources ( t imber ,  fo rage ,  s o i l s  and wa te r ,  as  w e l l  a s  
geologic  and r e c r e a t i o n a l  r e sou rces )  could be  inven to r i ed  through t h e  
use of modern remote sens ing  techniques .  Consequently, much was 
known a t  t h e  s t a r t  of t h e  p re sen t  s tudy t h a t  was a t  l e a s t  i n d i r e c t l y  
r e l a t e d  t o  t h e  problem of determining t h e  volume of s u r f a c e  and sub- 
su r f ace  flow of water  by means of remote sens ing .  This  i s  t r u e  
because t h e  volume of water  which a  watershed w i l l  y i e l d  during any 
given season obviously depends not  only on t h e  n a t u r e ,  amount and 
d i s t r i b u t i o n  of p r e c i p i t a t i o n  during t h a t  season,  b u t  a l s o  on t h e  
geologic ,  s o i l  and vege ta t ion  c h a r a c t e r i s t i c s  of  each po r t ion  of t h e  
watershed. Furthermore, s i n c e  t h e  remote sensing imagery used i n  
t h e s e  e a r l i e r  s t u d i e s  had been flown t o  var ious  s p e c i f i c a t i o n s  i n  
terms of s p e c t r a l  r eg ions ,  t ime of  day, season of y e a r  and f l i g h t  
a l t i t u d e ,  much a l s o  had been l ea rned  about t h e  optimum s p e c i f i c a t i o n s  
f o r  remote sens ing  imagery used i n  e s t ima t ing  c e r t a i n  of t h e  param- 
e t e r s  which a r e  known t o  a f f e c t  water  y i e l d .  
Our p re sen t  s t u d i e s  i n  t h e  source a r e a  a r e  bu i ld ing  on t h e  base  
which was e s t a b l i s h e d  by t h i s  previous work. S p e c i f i c a l l y ,  our  
i n v e s t i g a t o r s  who p r e s e n t l y  a r e  working i n  t h e  Fea ther  River  Water- 
shed a rea  a r e  concent ra t ing  on: (1) def in ing  t h e  parameters which 
a r e  both  p e r t i n e n t  t o  a  de te rmina t ion  of water  y e i l d  and d i s c e r n i b l e  
through t h e  use of remote sens ing  techniques ;  ( 2 )  determining t h e  
accuracy wi th  which t h e  parameters can be measured and mapped using 
remote sens ing  d a t a  flown t o  var ious  s p e c i f i c a t i o n s ;  and ( 3 )  r e l a t i n g  
t h e  water y i e l d  p r e d i c t i o n s  thus  made t o  a c t u a l  water  y i e l d ;  bo th  f o r  
t h e  e n t i r e  Fea ther  River  drainage and f o r  va r ious  components of i t .  
I n  performing t h i s  work our  i n v e s t i g a t o r s  a r e  being given an 
exce l l en t  oppor tuni ty  t o  demonstrate t h e  v a l i d i t y  of one of t h e  most 
important concepts on which t h e  NASA Ear th  Resources Survey Program 
i s  based.  This  i s  t h e  2-stage concept of (1) i n i t i a l l y  making t h e  
e a r t h  resource  survey s t u d i e s  on a  r e l a t i v e l y  smal l  b u t  h ighly  rep- 
r e s e n t a t i v e  " c a l i b r a t i o n  a rea" ,  i n  t h i s  case  t h e  Bucks Lake Fores t ry  
Test  S i t e  of approximately 100 square mi l e s ,  f o r  which ground t r u t h  
i s  accu ra t e ly  known. ( I n  s o  doing t h e  i n v e s t i g a t o r s  determine t h e  
optimum remote sens ing  s p e c i f i c a t i o n s  and da t a  a n a l y s i s  techniques 
f o r  t h e  type  of e a r t h  resource  survey t h a t  eventua l ly  i s  t o  be  made 
o p e r a t i o n a l . ) ;  and ( 2 )  then  making a t  l e a s t  a  semi-operat ional  eval-  
ua t ion  of  t h e s e  f ind ings  on a  very  l a r g e  "extended area" ,  i n  t h i s .  
case  t h e  e n t i r e  Fea ther  River  Watershed of approximately 3,600 
square mi l e s .  Ord ina r i l y  t h e  es tab l i shment  of  "ground t r u t h "  f o r  s o  
v a s t  an extended a r e a  would be  a formidable t a s k  i n  i t s e l f .  I n  t h i s  
i n v e s t i g a t i o n ,  however, t h e  u l t i m a t e  measure i s  t h e  volume of  water ,  
i n  any given pe r iod  of t ime,  which i s  y i e l d e d  by t h e  e n t i r e  water- 
shed. Fo r tuna te ly  f o r  purposes o f  our  s tudy ,  water  *om t h e  e n t i r e  
Fea the r  River  Watershed i s  impounded i n  t h e  Orov i l l e  Reservoi r ,  
where an accu ra t e  measurement of t h e  volume of water  t h a t  i s  p re sen t  
at  any given t ime can e a s i l y  be made. Thus a  s u i t a b l e  check i s  
r e a d i l y  ob ta inab le  on t h e  accuracy of t h e  o v e r a l l  e s t ima te ,  f o r  any 
s p e c i f i e d  pe r iod  o f  t ime,  as made by remote sens ing .  S i m i l a r l y ,  
s i n c e  t h e r e  i s  a  dam and a s s o c i a t e d  r e s e r v o i r  a t  t h e  lower end of 
each of  s e v e r a l  sub-uni ts  of t h i s  drainage system, an accuracy check 
a l s o  i s  a v a i l a b l e  f o r  t h e s e  sub-uni t s .  Consequently, i f  l a r g e  e r r o r s  
of  e s t ima te  based on remote sens ing  a r e  found i n  c e r t a i n  of t h e s e  
sub-uni t s ,  bu t  not  i n  o t h e r s ,  an oppor tuni ty  i s  af forded  f o r  making 
more d e t a i l e d  s t u d i e s  of  condi t ions  i n  t h e s e  a r eas  i n  o rde r  t o  de te r -  
mine t h e  exac t  cause o f  t h e  e r r o r s  and thus  t o  devise  means of  mini- 
mizing them i n  f u t u r e  s t u d i e s .  A u t h o r i t i e s  who c o n t r o l  t h e  volume 
of water  t h a t  i s  impounded a t  any given time behind Orov i l l e  D a m  ( t h e  
l a r g e s t  e a r t h - f i l l e d  dam i n  t h e  world,  and more than  700 f e e t  h igh )  
have t o l d  us t h a t  they  g r e a t l y  need more accu ra t e  information about 
t h e  volume of  run-off t h a t  can be expected from t h e  Fea the r  River  
Watershed dur ing  var ious  s p e c i f i e d  per iods  of  t ime.  I n  t h e  absence 
of accu ra t e  informat ion ,  they  must i nco rpora t e  a  very l a r g e  s a f e t y  
f a c t o r  i n  deciding upon t h e  volume of  "draw-down" which they  must 
e f f e c t  a t  Orov i l l e  Reservoi r ,  p a r t i c u l a r l y  j u s t  be fo re  heavy sp r ing  
run-off from t h e  v a s t  Fea ther  River  Watershed. Without such a  s a f e t y  
f a c t o r  t h e r e  would be  no way of prevent ing  d i s a s t r o u s  f loods  i n  t h e  
event t h a t  t h e  r a t e  and amount of  sp r ing  run-off g r e a t l y  exceeded 
expec ta t ions ;  bu t  through use of  such a  s i z a b l e  s a f e t y  f a c t o r ,  i n  
most yea r s  l a r g e  amounts of  water  must be  discharged from t h e  r e s e r -  
v o i r  and allowed t o  flow out  t o  s e a ,  even though t h a t  water  could 
have been used t o  g r e a t  advantage during t h e  summer months. 
None of t h e  foregoing i s  meant t o  imply t h a t  haphazard tech-  
niques a r e  c u r r e n t l y  be ing  used by those  who c o n t r o l  t h e  flow o f  
water  from t h e  Fea the r  River  Watershed. To t h e  con t r a ry  they  a r e  
using some of t h e  most s u i t a b l e  techniques c u r r e n t l y  a v a i l a b l e ,  
whi le  r e a d i l y  agree ing  t h a t  t h e r e  i s  a  g r e a t  need f o r  more s u i t a b l e  
techniques  of t h e  type  t h a t  we a r e  seeking t o  devise  through our  
remote sens ing  r e sea rch .  
An important aspec t  of  t h e  r e sea rch  which our  i n v e s t i g a t o r s  a r e  
conducting i n  t h e  Fea ther  River  Watershed Area seeks t o  develop means 
f o r  b e t t e r  monitoring t h e  r a t e  of  snow accumulation i n  t h e  l a t e  f a l l  
and win te r  and of snow melt  i n  t h e  sp r ing  and e a r l y  summer. P r i o r  
t o  t h e  s t a r t  of our  p re sen t  i n t e g r a t e d  s tudy  we had made only a  few 
pre l iminary  at tempts  t o  do t h i s  w i t h  t h e  a i d  of remote sens ing  d a t a  
acquired a t  s u i t a b l e  t ime i n t e r v a l s .  Consequently we a r e  i n  t h e  pro- 
cess  of improving our  c a p a b i l i t y  i n  t h i s  regard  us ing  photography 
flown a t  18-day i n t e r v a l s  by NASA's U-2 a i r c r a f t .  A t  t h e  same t ime ' 
we a r e  convert ing our  previously-developed c l a s s i f i c a t i o n  schemes 
f o r  t h e  mapping of vege ta t ion ,  s o i l s  and o t h e r  components of  t h e  
e a r t h  resource  complex i n t o  schemes which w i l l  be  more i n d i c a t i v e  of 
water  y i e l d .  D e t a i l s  a s  t o  our  accomplishments t o  d a t e  i n  t h e s e  
va r ious  r e s p e c t s  w i l l  be  found i n  ou r  forthcoming progress  r e p o r t  t o  
NASA which i s  scheduled f o r  completion i n  May, 1972. 
REMOTE SENSING ACTIVITIES AND ACCOMPLISHMENTS I N  
THE CENTRAL AREA OF THE CALIFORNIA WATER PROJECT 
A major p a r t  of our  i n t e r e s t  i n  t h i s  Cen t r a l  a r e a  ( c o n s i s t i n g  
mainly of t h e  West S ide  of t h e  San Joaquin v a l l e y )  i s  i n  us ing  
remote sens ing  techniques  t o  monitor an a g r i c u l t u r a l  reg ion  i n  i t s  
i n i t i a l  s t a g e s  of development. As s t a t e d  by Senger (1972),  who i s  
one of t h e  p a r t i c i p a n t s  i n  our  i n t e g r a t e d  s tudy:  "This i n i t i a l  
phase i s  important  because it is  a t ime of experimentat ion.  D i f f e r -  
en t  segments of t h e  l o c a l  community o f t e n  w i l l  dev ise  a  v a r i e t y  of 
approaches f o r  developing t h e  l and .  The r e s u l t s  of  t h e s e  e f f o r t s  
may eventua l ly  produce a  def ined  p a t t e r n  t o  t h e  landscape t h a t  w i l l  
s e rve  a s  a  b a s i s  f o r  l a b e l l i n g  t h e  a r e a  a s  a  d i s t i n c t i v e  ag r i cu l -  
t u r a l  reg ion  o r  an ex tens ion  of one a l ready  e x i s t i n g . "  Consequently, , 
i f  t h i s  a r e a  develops i n t o  a  d i s t i n c t i v e  type  of a g r i c u l t u r a l  reg ion ,  
our s tudy could make a  con t r ibu t ion  t o  i n v e s t i g a t i o n s  t h a t  seek t o  
exp la in  t h e  evolu t ion  of an a r e a  and t h e  processes  t h a t  h e l p  t o  
determine i t s  outcome. 
A s  e a r l y  a s  1957 a g r i c u l t u r a l  cropland had expanded about as  
f a r  as it could w i t h i n  t h e  West S ide  o f  t h e  San Joaquin Valley u n t i l  
such t ime a s  water  could be  t r a n s p o r t e d  t o  t h e  a r e a  f o r  use i n  irri- 
ga t ion .  Of t h e  1,350,000 a c r e  f e e t  per  yea r  of water  which w i l l  b e  
de l ive red  t o  t h i s  a r e a  by t h e  C a l i f o r n i a  Water P r o j e c t ,  t h e  over- 
whelming ma jo r i t y  of it w i l l  b e  used f o r  a g r i c u l t u r a l  purposes.  A t  
t h e  p re sen t  t ime farmers i n  t h e  a r e a  a r e  at tempting t o  d iscover  
what kinds of crops can be  grown a t  a reasonable cos t  under e x i s t i n g  
environmental cond i t i ons ,  a r e  r e a d i l y  marketable ,  and can show a 
good p r o f i t .  Up t o  t h e  present  t ime t h e r e  has been very l i t t l e  
s p e c i f i c  p l a n t  breeding f o r  t h i s  environment and farmers a r e  obl iged  
t o  experiment mainly wi th  crops which were developed f o r  adap ta t ion  
t o  o t h e r  a r eas .  Yet cropping i s  about t h e  only a l t e r n a t i v e  t o  t h e  
p re sen t  widely p r a c t i c i e d  graz ing  of t h e  a r ea .  For example, t h e  
a r e a  i s  q u i t e  i s o l a t e d  from popula t ion  cen te r s  of C a l i f o r n i a  so  i t  
i s  not  r e a l i s t i c  t o  consider  t h e  development of an i n d u s t r i a l  park .  
Because of  t h e  marginal  va lue  of t h e  l and  f o r  crop product ion ( p r i o r  
t o  t h e  impor ta t ion  of water  from t h e  Ca l i fo rn i a  Water P r o j e c t )  no 
sense  of urgency had been i n s p i r e d  t o  conduct more than  gene ra l  sur -  
veys of  t h e  s o i l s ,  geology, vege ta t ion  and c l imate  of t h e  a r e a .  
Consequently t h e  a v i l a b i l i t y  of water  from t h e  C a l i f o r n i a  Aqueduct 
has come a t  a  t ime when no one could say  f o r  s u r e  whether t h e  a r e a  
i s  s u i t a b l e  f o r  i r r i g a t e d  a g r i c u l t u r a l  development. Hence we s e e  
he re  a  case  i n  which technology ( t h e  cons t ruc t ion  of t h e  Aqueduct 
and t h e  subsequent i n f l u x  of wa te r )  has occurred before  t h e  l o c a l  
populous was ready f o r  i t .  Hence farmers a r e  now having t o  l e a r n  
about t h e i r  l o c a l  environment whi le  a t  t h e  same t ime having t o  grow 
crops t h a t  w i l l  enable  them t o  s t a y  i n  bus ines s .  I n  a d d i t i o n ,  
var ious  i r r i g a t i o n  systems a r e  s t i l l  being experimented wi th ,  and 
t h e  whole landscape conveys t h e  appearance on remote sens ing  imagery 
of being i n  an "experimental" s t a t e ,  which indeed i t  i s .  There a r e  
very l a r g e  a r e a s ,  now used only f o r  graz ing ,  which a r e  a v a i l a b l e  f o r  
more i n t e n s i v e  a g r i c u l t u r a l  development, bu t  not l i k e l y  t o  be  devel- 
oped u n t i l  t h e  end of t h i s  experimental  pe r iod .  
I n  a  somewhat broader  con tex t ,  Spencer and Horvath (1963) have 
s t a t e d  t h a t  t h e r e  a r e  s i x  major f a c t o r s  in f luenc ing  t h e  development 
and t h e  c u l t u r a l  processes  of a  landscape.  They a r e  psychologica l ,  
agronomic, p o l i t i c a l ,  h i s t o r i c a l ,  t echnologic  and economic. It i s  
be l ieved ,  from t h e  s t u d i e s  which we have conducted t o  da t e  i n  t h i s  
a r e a ,  t h a t  a  f i n a l  dec is ion  a s  t o  whether o r  not t o  develop irri- 
ga ted  a g r i c u l t u r e  can be a t t r i b u t e d  p r imar i ly  t o  a  combination of  
economic and psychologic processes .  Farmers do not  want t o  l eave  
t h e  a r e a ,  bu t  can they  a f f o r d  t o  s t a y ?  Water i s  being made a v a i l a b l e  
t o  them a t  a  cos t  ranging from $8.00 pe r  a c r e  foo t  f o r  subs id ized  
f e d e r a l  water  t o  $15.00 pe r  a c r e  f o o t  f o r  unsubsidized s t a t e  water .  
While t h i s  may s t i l l  l e a v e  some margin f o r  p r o f i t ,  t h e  farmers a r e  
i n  an unfavorable  competi t ive p o s i t i o n  wi th  those  only a  s h o r t  d i s -  
t ance  t o  t h e  e a s t  (on t h e  Eas t  S ide  of t h e  San Joaquin v a l l e y )  who 
pay only $2 t o  $3 pe r  ac re  foo t  f o r  water .  
The f i r s t  few s e t s  of U-2 photographs t h a t  a r e  being flown of  
t h i s  a r e a  by NASA a t  18-day i n t e r v a l s  have now been made a v a i l a b l e  
f o r  our  use.  By means of t h i s  photography and appropr ia te  f i e l d  
checking we w i l l  be  ab l e  t o  cont inue our monitoring of both t h e  s h o r t  
term and long term changes t h a t  a r e  occurr ing  i n  t h i s  a r e a ,  
p a r t i c u l a r l y  wi th  r e spec t  t o  l and  use .  While s o  doing we w i l l  b e  
a b l e  t o  develop photo i n t e r p r e t a t i o n  keys which w i l l  f a c i l i t a t e  l a n d  
use  mapping i n  a r eas  s i m i l a r  t o  t h i s  one on s imula ted  space photog- 
raphy. 
REMOTE SENSING ACTIVITIES AND ACCOMPLISHMENTS I N  
THE SINK AREA OF THE CALIFORNIA WATER PROJECT 
Studies  t o  da t e  i n  t h i s  a r e a  have been l a r g e l y  confined t o  two 
s p e c i f i c  reg ions :  (1) t h e  P e r r i s  Val ley surrounding t h e  f u t u r e  Lake 
P e r r i s ;  and ( 2 )  t h e  Sheep Creek Fan-Mirage Basin a r e a  of  t h e  Mojave 
Deser t .  Progress  i n  s tudying  remote sensing imagery i n  only t h e  
f i r s t  of t h e s e  two a reas  w i l l  b e  r epo r t ed  h e r e ,  a s  be ing  representa-  
t i v e  of t h e  types  of i n v e s t i g a t i o n  being conducted by t h o s e  sc ien-  
t i s t s  on t h e  R ive r s ide  Campus of  t h e  Univers i ty  of  C a l i f o r n i a  who 
a r e  p a r t i c i p a t i n g  i n  t h i s  i n t e g r a t e d  s tudy.  
To d a t e  s t u d i e s  by t h a t  group i n  t h e  P e r r i s  Val ley Area have 
taken  t h r e e  approaches: (1) a l and  use survey has been made i n  a 
sample s tudy a r e a  using both ground observa t ions  and i n t e r p r e t a t i o n  
of h igh  a l t i t u d e  co lo r  i n f r a r e d  photography; ( 2 )  a survey has been 
made, p a r t l y  through t h e  use  of ques t ionna i r e s ,  t o  determine t h e  
a t t i t u d e s  of r e s i d e n t s  r e l a t i v e  t o  t h e  proposed changes t o  be  made 
i n  t h e  a r e a  because of t h e  C a l i f o r n i a  Water P r o j e c t ;  and (3)  e s t i -  
mates have been made of t h e  p o t e n t i a l  popula t ion  changes and l a n d  
va lue  changes l i k e l y  t o  occur i n  var ious  po r t ions  of  t h e  a r ea .  
These l a t t e r  s t u d i e s  have been c a r r i e d  out us ing  conduct ive s h e e t  
analog models. Future  s imula t ions  w i l l  add g r e a t e r  r ea l i sm t o  t h e  
models and should provide  va luab le  i n s i g h t s  t o  s o c i a l ,  economic, and 
land-use planning problems w i t h i n  t h e  a r e a  of i n t e r e s t .  
A t  t h e  t ime of t h i s  w r i t i n g ,  our  l and  use survey i n  t h e  P e r r i s  
Valley a r e a  has been confined t o  a sample a r e a  of one census t r a c t  
which i s  l o c a t e d  c e n t r a l l y  t o  P e r r i s  Valley and ad jacen t  t o  t h e  
f u t u r e  Lake P e r r i s .  The photography which our  group i n i t i a l l y  
s t u d i e d  of t h i s  a r e a  cons i s t ed  of high a l t i t u d e  (1: 50,000 and 
1:100,000 s c a l e )  co lo r  i n f r a r e d  me t r i c  imagery flown i n  May, 1970. 
Addi t iona l  photography r e c e n t l y  has been obta ined  at f requent  i n t e r -  
v a l s  by t h e  NASA U-2 a i r c r a f t .  Consequently, an inventory  of t h e  
remainder of t h e  a r e a ,  and a monitor ing of changes throughout t h e  
e n t i r e  a r e a  c u r r e n t l y  a r e  be ing  undertaken through use  of  t h i s  
photography. 
Recent ly,  it has been found t h a t  l and  developers  i n  t h i s  a r e a  
have e s t a b l i s h e d  a number of l o c a t i o n s  f o r  t h e  promotion of p re sen t  
a g r i c u l t u r a l  l and  f o r  non-agr icu l tura l  purposes and a t  non- 
a g r i c u l t u r a l  p r i c e s .  This a c t i v i t y  appears t o  be d i r e c t l y  r e l a t e d  
t o  f u t u r e  p o t e n t i a l  uses  of t h i s  l a n d  f o r  r e c r e a t i o n a l  and o t h e r  
purposes a s  a  r e s u l t  of t h e  cons t ruc i ton  of Lake P e r r i s .  It appears 
from our  s t u d i e s  t h a t  l and  developers and specu la to r s  p l ay  a  s ig -  
n i f i c a n t  r o l e  i n  determining t h e  f u t u r e  l a n d  use i n  t h i s  a r e a ,  
inc luding  immediate changes i n  t h e - r e g i o n s  land  use  p a t t e r n s  and 
a c t i v i t i e s .  Consequently, i n  addi ton  t o  t h e  completion by t h e  
Rivers ide  group of  a  survey of  present  l a n d  use i n  t h e  P e r r i s  Val ley 
a r e a ,  t h e  group i s  a l s o  a t tempt ing  t o  a s se s s  t h e  r o l e  and a c t i v i t i e s  
of l and  developers i n  t h e  a r e a  and t h e  d i r e c t i o n  and r a t e  of  change 
i n  l a n d  use  f o r  var ious  po r t ions  of t h e  a r ea .  
As d e t a i l e d  i n  our pe r iod ic  progress  r e p o r t s ,  s i m i l a r  s t u d i e s  
a r e  being undertaken by t h e  Rivers ide  s c i e n t i s t s  i n  o t h e r  p a r t s  of 
t h e  so-ca l led  "sink" a r e a  of  t h e  Ca l i fo rn i a  Water P r o j e c t .  
OTHER ACCOMPLISHMENTS TO DATE UNDER THIS INTEGRATED STUDY 
The s o c i a l  sc iences  group which i s  p a r t i c i p a t i n g  i n  t h i s  s tudy 
i s  us ing  a  systems a n a l y s i s  approach which seeks t o  optimize 3  types  
of models: (1) t h e  da t a -co l l ec t ion  and informat ion-ext rac t ion  model, 
from t h e  viewpoint of t hose  engaged i n  e a r t h  resource  inventory ;  ( 2 )  
t h e  decision-making model, from t h e  viewpoint of  t hose  engaged i n  
e a r t h  resource  management; and ( 3 )  t h e  u l t ima te  b e n e f i c i a r y  model, 
from t h e  viewpoint of members of t h e  pub l i c  who may b e n e f i t  o r  be  
harmed by such dec i s ions .  
P a r t  of t h i s  work i s  f i t t e d  c l o s e l y  t o  t h a t  of  o t h e r  i n v e s t i -  
ga to r s  and i s  being app l i ed  t o  t h e  geographic a reas  w i th in  which t h e  
previously-described s t u d i e s  a r e  being made. Addi t iona l  a spec t s  of 
t h e  work t a k e  cognizance of t h e  f a c t  t h a t  what i s  done with one k ind  
of resource  i n  one p a r t  of t h e  s t a t e  has broad impl ica t ions  wi th  
r e spec t  t o  o t h e r  components of  t h e  resource  complex wi th in  t h a t  a r e a  
and a l s o  i n  o t h e r  p a r t s  of t h e  s t a t e .  Consequently, a  somewhat 
broader  approach both  geographica l ly  and d isc ip l inary-wise  i s  being 
taken by t h e  S o c i a l  Sciences group. 
A s  w i th  previously-described phases of our i n t e g r a t e d  s tudy ,  
t h e  i n t e r e s t e d  r eade r  i s  r e f e r r e d  t o  our  pe r iod ic  progress  r e p o r t s  
f o r  a d d i t i o n a l  d e t a i l s  wi th  r e spec t  t o  t h e  very broad scope of 
a c t i v i t i e s  c u r r e n t l y  being undertaken by t h e  S o c i a l  Sciences group. 
A LOOK TO THE FUTURE: FOR THIS INTEGRATED STUDY 
B r i e f l y  s t a t e d ,  t h e  d i r e t i o n  of our  a c t i v i t i e s  i n  t h e  immediate 
f u t u r e  under t h i s  i n t e g r a t e d  s tudy  w i l l  b e  along t h r e e  gene ra l  l i n e s ,  
a l l  o f  which w i l l  be  o r i e n t e d  toward maximizing our  a b i l i t y  t o  make 
meaningful i n t e r p r e t a t i o n s  of ERTS-A d a t a  which we a n t i c i p a t e  w i l l  
soon be acqui red  of v a s t  p o r t i o n s  of t h e  s t a t e  of C a l i f o r n i a :  (1) 
cont inua t ion  of s t u d i e s  on t h e  C a l i f o r n i a  Water P r o j e c t  i n  t h e  
'Isourcel',  "cent ra l1 '  and "sink1'  a r eas  along l i n e s  i n d i c a t e d  i n  e a r l i e r  
s e c t i o n s  of t h i s  r e p o r t .  (1t i s  planned t h a t  t h e s e  f u t u r e  s t u d i e s  
a l s o  w i l l  inc lude  i n v e s t i g a t i o n s  of  t h e  Sacramento River  De l t a  a r e a ) ;  
( 2 )  i n i t i a t i o n  of s t u d i e s  i n  t h e  c o a s t a l  zone of C a l i f o r n i a ,  w i t h i n  
which 80 percent  of C a l i f o r n i a ' s  t o t a l  popula t ion  i s  r e p o r t e d l y  
l o c a l i z e d  and f o r  which resource  monitor ing,  beyond t h a t  p r e s e n t l y  
being accomplished, i s  v i t a l l y  needed; and ( 3 )  con t inua t ion  of  
s t u d i e s  by t h e  S o c i a l  Sciences group, p a r t i c u l a r l y  wi th  r e f e rence  t o  
t h e  t h i r d  of i t s  t h r e e  "models", t h e  "user" model. I n  a d d i t i o n ,  it 
i s  probable t h a t  our  proposed work involv ing  t h e  making of  r e g i o n a l  
a g r i c u l t u r a l  surveys w i l l  b e  i n i t i a t e d ,  us ing  San Joaquin County, 
Ca l i fo rn i a  a s  t h e  focus f o r  t h a t  s tudy .  
The provid ing  of  f u r t h e r  d e t a i l s  r e l a t i v e  t o  our  proposed f u t u r e  
a c t i v i t i e s  would not be f r u i t f u l  a t  t h i s  t ime and might even be  
considered presumptuous u n t i l  t h e  exac t  scope and l e v e l  of funding 
f o r  our  i n t e g r a t e d  s tudy  a r e  more c l e a r l y  def ined  i n  conferences 
soon t o  be  h e l d  wi th  our  NASA monitors .  
CONCLUSION 
As I look f o r  some h igh ly  r e l e v a n t  no te  t o  sound i n  ending t h i s  
p r e s e n t a t i o n ,  I can do no b e t t e r  t han  t o  echo t h e  sent iments  of 
NASA's D r .  Wernher von Braun, which were expressed by him s e v e r a l  
yea r s  ago when t h e  o v e r a l l  space program i n  g e n e r a l ,  and t h e  Ear th  
Resource Survey Program i n  p a r t i c u l a r ,  had come under r a t h e r  s eve re  
c r i t i c i s m .  Paraphrased,  he re  a r e  t h e  comments, a s  w e l l  a s  I can 
remember them, which D r .  von Braun made t o  s e v e r a l  of us  on t h a t  
occasion:  C r i t i c s  of t h e  NASA program a r e  bemoaning t h e  f a c t  t h a t  
so much of t h i s  count ry ' s  s c i e n t i f i c  t a l e n t ,  and i n  s o  many d i f f e r -  
en t  d i s c i p l i n e s ,  i s  being d i v e r t e d  i n t o  a  s i n g l e  e f f o r t  -- t h e  
space program. These c r i t i c s  imply t h a t  much more could be accom- 
p l i s h e d  t h a t  would be of  p o t e n t i a l  b e n e f i t  t o  mankind i f  each such 
s c i e n t i s t  were l e f t  t o  pursue a  r e sea rch  program of  h i s  own choosing. 
D r .  von Braun s a i d  t h a t  he viewed t h e  ma t t e r  q u i t e  d i f f e r e n t l y :  
What t h e s e  s c i e n t i s t s  from s o  many d i s c i p l i n e s  have needed f o r  yea r s  
i s  a l a r g e ,  peace-oriented f o c a l  p o i n t  f o r  t h e s e  many t a l e n t s  s o  
t h a t  t h e  r e s u l t  of t h e i r  e f f o r t s  would be something f a r  g r e a t e r  
t han  might be expected from t h e  sum of t h e i r  i nd iv idua l  contr ibu-  
t i o n s .  H e  2o in t ed  out t h a t  NASA's Space Program i n  gene ra l ,  and i t s  
Ear th  Resources Survey Program i n  p a r t i c u l a r ,  provided t h e  b e s t  
oppor tuni ty  t o  d a t e  f o r  mounting such a worthy i n t e g r a t e d  e f f o r t .  
Having been deeply involved i n  such an i n t e g r a t e d  e f f o r t  through 
t h e  p r o j e c t  which I have j u s t  descr ibed ,  I f i n d  myself i n  complete 
agreement wi th  D r .  von Braun's observa t ion .  
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SECTION 41 
REMOTE SENSING OF SOILS, LAND FORMS, AND LAND USE 
IN THE NORTHERN GREAT PLAINS IN PREPARATION FOR ERTS APPLICATIONS~ 
by  
C .  J. Frazee,  F.  C .  West in ,  J. Gropper and V .  I .  Myers 2 
Remote Sens ing I n s t i t u t e  and 
P l a n t  Sc ience  Department 
South Dakota S t a t e  u n i  v e r s  i tYOO~6\\\b~ 
B r o o k i  ngs , South Dakota 
%@Q% 
INTRODUCTION 
I n f o r m a t i o n  abou t  s o i l  l i m i t a t i o n s  i s  necessary  t o  d e t e r m i n e  t h e  
c a p a b i l i t y  and s u i t a b i l i t y  o f  an a rea  f o r  d i f f e r e n t  l a n d  uses.  The 
v a r i o u s  t ypes  o f  s o i  1  1  i m i  t a t i o n s  , a c c o r d i n g  t o  t h e  So i  1  C o n s e r v a t i o n  
S e r v i c e  (SCS, 1961),  a r e  e r o s i o n ,  wetness,  s o i l  r o o t i n g  zone and 
c l i m a t e .  T h i s  i n f o r m a t i o n  i s  n o r m a l l y  d e r i v e d  f r o m  i n t e r p r e t a t i o n  o f  
d e t a i l e d  soi-1 surveys.  The p r i m a r y  sources o f  s o i l  su rveys  a r e  t h e  
USDA S o i l  C o n s e r v a t i o n  S e r v i c e  and t h e  c o o p e r a t i v e  s o i l  s u r v e y  wh ich  
i s  composed o f  agenc ies ,  b o t h  s t a t e  and f e d e r a l ,  who c o m p i l e  and use 
s o i l  su rvey  i n f o r m a t i o n  f o r  l a n d  use p l a n n i n g .  F o l l o w i n g  a r e  two 
examples i l l u s t r a t i n g  t h e  use of i n f o r m a t i o n  a b o u t  s o i l  1  i m i  t a t i o n s  
f o r  l a n d  use d e c i s i o n s .  A  d e t a i l e d  s o i l  su rvey  i s  t h e  f i r s t  
r e q u i r e m e n t  o f  a  f a r m  c o n s e r v a t i o n  p l a n  by t h e  S o i l  C o n s e r v a t i o n  
S e r v i c e .  Based upon t h e  s o i l  su rvey ,  t h e  c a p a b i l i t y  o f  each p i e c e  
o f  l a n d  i s  p lanned f o r  a  p a r t i c u l a r  l a n d  use.  One o f  t h e  f i r s t  i t ems  
t h e  Bureau o f  Rec lamat ion  needs f o r  t h e  proposed i r r i g a t i o n  p l a n  o f  
an a r e a  i s  a  d e t a i l e d  l a n d  c l a s s i f i c a t i o n  i n d i c a t i n g  t h e  s u i t a b i l i t y  
of t h e  l a n d  f o r  i r r i g a t i o n .  Examples such as t h e  above can be c i t e d  
f o r  p r a c t i c a l l y  any agency i n v o l v e d  i n  l a n d  use p l a n n i n g .  
'Approved f o r  p u b l i c a t i o n  b y  t h e  D i r e c t o r  o f  t h e  South Dakota 
Agr. Exp. S ta .  as J ~ - _ S e r ~ ~ - 1 0 7 0  .e RSI-72-02. Work per formed 
under  NASA c o n t r a c 3  NGL 42-003-007 under t h e  d i r e c t i o n  o f  t h e  E a r t h  
Observa t i ons  O f f i c e  and t h e  O f f i c e  o f  U n i v e r s i t y  A f f a i r s .  P resen ted  
a t  t h e  F o u r t h  Annual E a r t h  Observa t i ons  Program Review, Jan. 17-21, 
1972. Manned Spacec ra f t  Center ,  Houston,  Texas. 
'Ass i s t a n t  P r o f e s s o r  and P r o f e s s o r ,  P l a n t  Sc ience  ~ e ~ a i t m e n  t ; 
Research A s s i s t a n t  and D i r e c t o r ,  Remote Sensi  ng I n s  t i t u t e ,  South Dakota 
S t a t e  U n i v e r s i t y ,  w roo kings, S.-D. 57006, r e s p e c t i v e l y .  
- .  
W i t h  p r e s e n t  techn iques  t h i s  t y p e  of i n f o r m a t i o n  w i l l  n o t  be 
a v a i l a b l e  f o r  a l l  o f  t h e  U n i t e d  S t a t e s  u n t i l  t h e  1 9 9 0 ' s .  Fo r  i n s t a n c e ,  
South Dakota has c u r r e n t  s o i l  su rveys  f o r  s l i g h t l y  l e s s  t h a n  o n e - t h i r d  
o f  t h e  65 c o u n t i e s .  U s i n g  p r e s e n t  techn iques  s o i l  s c i e n t i s t s  a r e  n o t  
p r o d u c i n g  t h i s  needed i n f o r m a t i o n  as f a s t  as i t  i s  b e i n g  demanded. 
More d e t a i l e d  and a c c u r a t e  i n f o r m a t i o n  i s  e s s e n t i a l  f o r  t h e  more 
i n t e n s i v e  l a n d  uses o f  t h e  f u t u r e .  H o p e f u l l y ,  remote  s e n s i n g  i s  a  
t o o l  t h a t  can he1 p  s a t i s f y  t h i s  problem. However, c o n s i d e r a b l e  
r e s e a r c h  w i l l  be  necessary  t o  d e t e r m i n e  t h e  e x a c t  r o l e  o f  remote  
s e n s i n g  f o r  p r o v i d i n g  s o i l  l i m i t a t i o n  d a t a .  
The l o n g  range  o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  t o  e s t a b l i s h  
p r i n c i p l e s  f o r  r e c o g n i z i n g  and mapping s o i l  l i m i t a t i o n s  u s i n g  remote  
s e n s i n g  t e c h n i q u e s .  The p r e s e n t  c o n c e p t  f o r  u s i n g  remote  sens ing  t o  
c o l l e c t  d a t a  a b o u t  s o i  1  1  i m i t a t i o n s  encompasses u s i n g  mu1 t i s p e c t r a l  
and tempora l  d a t a  f r o m  s p a c e c r a f t  and a i r c r a f t .  The s a t e l l i t e  imagery  
w i l l  be i n t e r p r e t e d  by  s t a n d a r d  techn iques  o f  pho to  i n t e r p r e t a t i o n  f o r  
d e l i n e a t i o n  o f  g e n e r a l  s o i l  a reas .  The a i r c r a f t  imagery  w i  11 b e  used 
t o  i d e n t i f y  and map t h e  component p a r t s  o f  t h e  g e n e r a l  s o i l  a reas .  
W i th  t h i s  concep t  i n  mind t h e  o b j e c t i v e s  f o r  t h e  s t u d y  i n  1971 
were : 
1. To d e t e r m i n e  p r o p e r  t i m i n g  and wave l e n g t h s  f o r  i d e n t i f y i n g  
and mapping s o i  1  1  i m i t a t i o n s .  
2. To e s t a b l i s h  r a n g e l a n d  t e s t  s i t e s  f o r  d e t e r m i n i n g  t h e  u s e f u l -  
ness o f  ERTS imagery.  
The f i r s t  o b j e c t i v e  r e l a t e s  t o  s t u d y i n g  a  proposed i r r i g a t i o n  p r o j e c t  
o f  an a r e a  o f  f a i r l y  i n t e n s i v e  a g r i c u l t u r e  where d e t a i l e d  i n f o r m a t i o n  
a b o u t  s o i l  l i m i t a t i o n s  i s  needed. W i t h  t h e  p r e s e n t  p r e d i c t e d  
r e s o l u t i o n  o f  ERTS imagery ,  t h i s  l e v e l  o f  i n f o r m a t i o n  i s  n o t  expected 
t o  be o b t a i n e d  f r o m  t h e  use o f  ERTS d a t a .  The second o b j e c t i v e  r e l a t e s  
d i r e c t l y  t o  p o t e n t i a l  ERTS a p p l i c a t i o n s .  The t y p e  o f  s o i l s  d a t a  needed 
f o r  r a n g e l a n d  areas i s  more g e n e r a l  and ERTS t y p e  imagery  s h o u l d  be 
a b l e  t o  p r o v i d e  a  m a j o r  p a r t  o f  t h i s  i n f o r m a t i o n .  
LOCATION AND DESCRIPTION OF STUDY AREAS 
OAH E  
The s t u d y  a rea  es tab1  i s h e d  i n  1969 (F razee  e t  a1 . , 1970, 1971) 
i n c l u d e s  s o i l s  and l a n d  uses t y p i c a l  o f  t h e  proposed Oahe i r r i g a t i o n  
p r o j e c t  and t h e  a d j a c e n t  g l a c i a l  d r i f t  a r e a  ( F i g u r e  1 ) .  T h i s  a r e a  was 
s e l e c t e d  f o r  remote s e n s i n g  r e s e a r c h  because o f  t h e  l a r g e  amount o f  
ground t r u t h  d a t a  a v a i l a b l e .  The South Dakota A g r i c u l t u r a l  Exper iment  
S t a t i o n  i n  c o o p e r a t i o n  w i t h  t h e  S o i l  C o n s e r v a t i o n  S e r v i c e  has conducted 
a  d e t a i l e d  s o i l  su rvey  o f  t h e  a rea  (Wes t in  e t  a l . ,  1954) .  The Bureau 
o f  Rec lamat ion  f u r n i s h e d  d e t a i l e d  l a n d  c l a s s i f i c a t i o n  maps o f  t h e  
p o r t i o n  o f  t h e  f l i g h t  l i n e  t h a t  l i e s  i n  t h e  proposed Oahe p r o j e c t .  A 
u n i q u e  advantage o f  s t u d y i n g  t h i s  a r e a  i s  t h e  o p p o r t u n i t y  o f  u s i n g  
remote s e n s i n g  t o  f o l l o w  t h e  development o f  an i r r i g a t i o n  p r o j e c t  f r o m  
i n i t i a l  l a n d  c l a s s i f i c a t i o n  t o  a c t u a l  w a t e r  use and t h e  e v e n t u a l  e f f e c t s  
o f  i r r i g a t i o n  on l a n d  use.  
The Oahe p r o j e c t  encompasses most  o f  t h e  Lake Dakota  P l a i n  ( F l i n t ,  
1955),  t h e  s i t e  o f  a  g l a c i a l  l a k e  l a t e  i n  t h e  Wiscons inan g l a c i a l  
p e r i o d .  The s u r f a c e  o f  t h e  Lake Dakota P l a i n  i s  e x t r e m e l y  f l a t ,  excep t  
where s h a l l o w  s t ream channe ls  occu r ,  r a n g i n g  i n  e l e v a t i o n  f r o m  1295 t o  
1310 f e e t  above sea l e v e l .  The s o i l  p a r e n t  m a t e r i a l s  a r e  l a m i n a t e d  
l a c u s t r i n e  s i l t  and c l a y  d e p o s i t s  v a r y i n g  i n  t h i c k n e s s  f r o m  3 t o  35 
f e e t  (Wes t in ,  1970) .  The c l i m a t i c  env i ronment  i s  c o o l - t e m p e r a t e  w i t h  
i r r e g u l a r  and u s u a l l y  d e f i c i e n t  r a i n f a l l  . 
The f l i g h t  l i n e  may be separa ted  i n t o  two b road  p h y s i o g r a p h i c  u n i t s ,  
t h e  Lake Dakota  P l a i n  and t h e  W i l l i a m s  Loamy P l a i n  (F razee  e t  a l . ,  1971) .  
The s o i l s  v a r y  f r o m  f r i a b l e  s i l t  loams w i t h  no l i m i t a t i o n s  o t h e r  t h a n  
c l i m a t e  t o  s o i l s  w i t h  dense s u b s u r f a c e  h o r i z o n s  ( c l a y p a n s )  c l o s e  t o  
t h e  s u r f a c e  wh ich  a r e  n o t  s u i t e d  f o r  i r r i g a t i o n .  
The p r i m a r y  s o i l  l i m i t a t i o n s  a r e :  
1. e r o s i o n  o f  convex u p l a n d  s l o p e s  
2. wetness i n  d e p r e s s i o n a l  o r  a l l u v i a l  a reas  
3. s o i l  r o o t i n g  zone l i m i  t a t i o n s  
a. c laypans  o f  v a r y i n g  d e n s i t y  and t h i c k n e s s  o c c u r r i n g  a t  
v a r y i n g  depths  f r o m  t h e  s u r f a c e  
b .  s t o n i n e s s  
c .  s l o w l y  permeable s u b s t r a t u m  
A d d i t i o n a l  i n f o r m a t i o n  about  t h e  s t u d y  a rea  may be found  i n  West in  e t  
a l . ,  1954 and West in ,  1970. 
BENNETT COUNTY 
B e n n e t t  County l i e s  i n  t h e  M i s s o u r i  P l a t e a u  s u b d i v i s i o n  o f  t h e  
G r e a t  P l a i n s  p h y s i o g r a p h i c  p r o v i n c e  which  i s  covered by  T e r t i a r y  
sediments (Fenneman, 1938) .  T h i s  a r e a  was s e l e c t e d  because o f  t h e  
1  a rge  amount o f  g round t r u t h  a v a i  1 a b l e  (Co l  1  i n s  , 1959, 1960 ; Chamber1 i n  
and Radeke, 1 9 7 1 ) .  The c o u n t y  i s  p a r t  o f  t h e  P i n e  Ridge I n d i a n  
R e s e r v a t i o n  w i t h  a b o u t  300,000 o u t  o f  t h e  761,000 ac res  managed b y  t h e  
Bureau o f  I n d i a n  A f f a i r s .  The m a j o r  l a n d  uses a r e  r a n c h i n g  (75%) 
and w i n t e r  wheat f a r m i n g  ( 2 3 % ) .  
The c l i m a t e  o f  B e n n e t t  County i s  s e m i a r i d  and c o n t i n e n t a l  w i t h  
l a r g e  v a r i a t i o n s  i n  seasonal  t empera tu res  and p r e c i p i t a t i o n .  Approx- 
i m a t e l y  t h r e e - f o u r t h s  of t h e  c o u n t y  i s  cove red  w i t h  n a t i v e  m id -  t o  
s h o r t - r a n g e  grasses.  The s o i  1  p a r e n t  m a t e r i a l  c o n s i s t s  p r i m a r i l y  of 
s i  1  ty t o  sandy sed iments  w i t h  a s s o c i a t e d  a1 1  uvium. 
The m a j o r  s o i l '  l i m i t a t i o n s  a r e :  
1. e r o s i o n  o f  s l o p i n g  up land  s o i l s  
2. wetness o f  d e p r e s s i o n a l  o r  a l l u v i a l  a reas . . 
3.  s o i l  r o o t i n g  zone l i m i t a t i o n s  
a. c laypans  o f  v a r y i n g  depths  and t h i c k n e s s  
b. s h a l l o w  d e p t h  t o  g r a v e l  
c. s h a l l o w  sandy and s i l t y  s o i l s  
d .  s h a l l o w  dep th  t o  bedrock  
A d d i t i o n a l  i n f o r m a t i o n  abou t  B e n n e t t  County and t h e  s t u d y  a r e a  may b e  
found  i n  Chamber l i n  and Radeke, 1971, and C o l l i n s ,  1959, 1960. 
EXPERIMENTAL METHODS AND PROCEDURES 
F l i g h t s  b y  t h e  Remote Sens ing I n s t i t u t e  a i r c r a f t  were conducted 
a l o n g  t h e  Oahe f l i g h t  l i n e  d u r i n g  t h e  1970 c r o p  g row ing  season f o r  
t h e  purpose o f  c o l l e c t i n g  p h o t o g r a p h i c  imagery  w i t h i n  t h e  ERTS 
wave l e n g t h  bands f o r  s t u d y i n g  s o i l  l i m i t a t i o n s  ( F i g u r e  1, T a b l e  I ) .  
NASA a i r c r a f t  f l i g h t s  (RB-57 and C-130) were reques ted  b u t  none were 
o b t a i n e d .  Ground t r u t h  i n f o r m a t i o n  on t h e  v a r i o u s  l a n d  use and s o i l  
c o n d i t i o n s  was r e c o r d e d  a t  t h e  t i m e  o f  o v e r f l i g h t .  The f i l m  
t r a n s p a r e n c i e s  f r o m  t h e s e  f l i g h t s  were e v a l u a t e d  f o r  image q u a l i t y  
(American S o c i e t y  o f  Photogrammetry, 1960) and p r i n t s  were made o f  
s e l e c t e d  areas f o r  l a b o r a t o r y  and f i e l d  s t u d y .  Camera, f i l m  and f i l t e r  
d a t a  f o r  imagery  s t u d i e d  i n  d e t a i l  a r e  l i s t e d  i n  T a b l e  I. 
To h e l p  i n t e r p r e t a t i o n  o f  t h e  f i l m  t ran ' spa renc ies  l i s t e d  i n  
T a b l e  I, a  d e n s i t y  s l i c i n g  sys tem ( F i g u r e  2 )  wh ich  c o l o r  e n ~ o d e d  t h e  . , , .. 
v a r i o u s  f i l m  d e n s i t y  1  e v e l s  ( S p a t i a l  Data D a t a c o l o r  703-32) was used - 
by  e x p e r i e n c e d  s o i  1  s u r v e y o r s  i n  o r d e r  t o  i d e n t i f y  and map s o i l  
l i m i t a t i o n s .  The r e s u l t a n t  c o l o r  encoded r e p r e s e n t a t i o n  was photograph-  
ed and an e n l a r g e d  p r i n t  was made f o r  f i e l d  check ing .  
3 ~ r a d e  name i s  i n c l u d e d  o n l y  f o r  b e n e f i t  o f  r e a d e r  and does n o t  
i m p l y  endorsement o r  p r e f e r e n t i a l  t r e a t m e n t .  
The d e n s i t y  s l i c i n g  sys tem ana lyzes  t h e  v a r i a t i o n  i n  t o n e  o f  
t r a n s p a r e n c i e s  and d i s p l a y s  t h e  c o l o r  encoded d e n s i t y  l e v e l s  on a  c o l o r  
t e l e v i s i o n  sc reen .  The sys tem has t h e  f o l l o w i n g  components i d e n t i f i e d  
i n  F i g u r e  2 :  
1. l i g h t  box t o  i l l u m i n a t e  t h e  f i l m  t r a n s p a r e n c i e s  
2. p r e c i s i o n  monochromat ic t e l e v i s i o n  camera 
3.  e l e c t r o n i c  c o l o r  a n a l y z e r  wh ich  separa tes  t h e  shades o f  g r a y  
and c o l o r  codes t h e  s i g n a l  f o r  each g r a y  l e v e l  i n t o  as many 
as 32 l e v e l s  
4. c o l o r  t e l e v i s i o n  m o n i t o r  f o r  d i s p l a y i n g  e i t h e r  t h e  c o l o r  
a n a l y s i s  o r  an  image f r o m  t h e  o r i g i n a l  t r a n s p a r e n c y  
5. e l e c t r o n i c  p l a n i m e t e r  t h a t  measures t h e  p e r c e n t  a r e a  o f  
each c o l o r  encoded d e n s i  t y  1  eve1 
6. c o n t r o l  keyboard  
A s t a n d a r d  s t e p  wedge may be used t o  c a l i b r a t e  t h e  c o l o r  l e v e l s  
t o  o p t i c a l  d e n s i t i e s .  S p e c t r a l  f i  1  t e r s  may be used on t h e  t e l e v i s i o n  
camera t o  enhance t h e  d a t a  r e c e i v e d  f r o m  t h e  t h r e e  s p e c t r a l  s e n s i t i v e  
l a y e r s  o f  c o l o r  f i l m s .  
The B e n n e t t  County f l i g h t  l i n e  ( F i g u r e  1 )  was e s t a b l i s h e d  i n  1970 
t o  s t u d y  remote  s e n s i n g  o f  s o i l  1  i m i t a t i o n s  i n  r a n g e l a n d  a reas  i n  
p r e p a r a t i o n  f o r  ERTS app l  i c a t i o n s .  Camera, f i  lm, and. f i l t e r  d a t a  f o r  
imagery  c o l l e c t e d  f o r  t h e  s t u d y  a r e a  a r e  l i s t e d  i n  T a b l e  I .  The m a j o r  
e f f o r t  d u r i n g  t h i s  r e p o r t i n g  p e r i o d  c o n s i s t e d  o f  l o c a t i n g  areas t o  
be used as t e s t  s i t e s  f o r  r e s e a r c h  u s i n g  ERTS d a t a  and i n t e r p r e t i n g  
t h e  imagery  c o l l e c t e d  f o r  f e a t u r e s  expected t o  be i d e n t i f i a b l e  on ERTS 
imagery.  Themat ic maps were produced u s i n g  a e r i a l  p h o t o  a n a l y s i s  f o r  
l a n d  use and d r a i n a g e  p a t t e r n s .  These w i l l  be  used as ground t r u t h  
f o r  s t u d y i n g  t h e  p o t e n t i a l  o f  ERTS d a t a  f o r  d e t e c t i n g  s o i l  l i m i t a t i o n s ,  
i d e n t i f y i n g  l and fo rms ,  and d e t e r m i n i n g  l a n d  use. 
RESULTS AND DISCUSSION 
TEMPORAL ANALYSIS 
D e s c r i p t i o n  o f  Photographs 
C o l o r  i n f r a r e d  and b l a c k  and w h i t e  photographs t a k e n  on s i x  
d i f f e r e n t  d a t e s  d u r i n g  t h e  1970 g row ing  season were s t u d i e d  t o  e v a l -  
u a t e  t h e  u s e f u l n e s s  of seasona l  i n f o r m a t i o n  f o r  mappinq s o i l  l i m i t a t i o n s  
( T a b l e  I ) .  Two aspec ts  were cons ide red ,  t h e  b e s t  t i m e  t o  o b t a i n  t h e  
p h o t o g r a p h i c  i n f o r m a t i o n  and t h e  v a l u e  o f  u s i n g  i n f o r m a t i o n  f r o m  more 
t h a n  one t i m e  t o  s t u d y  s o i l  l i m i t a t i o n s .  Severa l  f i e l d s  of t h e  m a j o r  
c rops grown i n  t h e  Oahe a r e a  were  s t u d i e d .  One.32 h e c t a r e  f i e l d  
showing r e p r e s e n t a t i v e  seasonal  changes o f  t h e  s p r i n g  g ra i -ns ,  w h i c h a r e  
t h e  m a j o r  c rops  o f  t h e  area,  w i l l  be  d i s c u s s e d  and i l l u s t r a t e d  
( F i g u r e  1). 
Four  d i f f e r e n t  s i t u a t i o n s  were  observed f o r  t h e  s i x  f l i g h t  d a t e s  
a v a i l a b l e  f o r  s t u d y  ( F i g u r e  3 ) .  The ground f e a t u r e s  on t h e  photographs 
f r o m  t h e  May, June and J u l y  da tes  were a l l  d i f f e r e n t  whereas t h e  ones 
from t h e  August ,  September and November da tes  were s i m i l a r  b u t  
d i f f e r e n t  f r o m  t h e  above t imes .  
A  more o r  l e s s  random p a t t e r n  o f  d i f f e r e n t  tones i s  shown on t h e  
May image ( F i g u r e  3 ) .  The f i e l d  was p l a n t e d  t o  s p r i n g  wheat, wh ich  
was 5-10 cm h i g h .  The r e s u l t i n g  p a t t e r n  i s  produced p r i m a r i l y  b y  t h e  
s o i l  s u r f a c e .  The l i g h t e s t  tones a r e  s e v e r e l y  eroded areas whereas 
t h e  d a r k e s t  tones a r e  areas w i t h  wetness 1  i m i t a t i o n s  (F razee  e t  a1 . , 
1970).  T h i s  same p a t t e r n  wou ld  be expected i f  t h e  f i e l d  were f a l l o w e d  
o r  u n p l a n t e d .  However, t h e  e f f e c t  o f  t h e  wheat c r o p  i s  t o  change t h e  
d e n s i t y  o r  c o l o r  v a l u e  o f  t h e  tones o f  t h e  s u r f a c e  f e a t u r e s .  T h e r e f o r e  
a l t h o u g h  t h e  p h o t o g r a p h i c  p a t t e r n  o f  t h i s  f i e l d  and a  f a l l o w  f i e l d  may 
b e  t h e  same, i n  o r d e r  t o  map t h e  s o i l  l i m i t a t i o n s  o f  t h e s e  f i e l d s  
d i f f e r e n t  s i g n a t u r e s  wou ld  be necessary .  
By June 25 t h e  wheat had grown t o  f u l l  h e i g h t ,  80 cm, and was 
weedy ( F i g u r e  3 ) .  The s o i l  s u r f a c e  p a t t e r n  o f  t h e  May image i s  a l m o s t  
c o m p l e t e l y  masked. The p a t t e r n  c o n s i s t s  . o f  v a r y i n g  l e v e l s  o f  i n f r a r e d  
r e f l e c t a n c e  w i t h  d i s t i n c t  c i r c u l a r  l i g h t  s p o t s  wh ich  a r e  weeds. Some 
of t h e , s e v e r e l y  eroded areas can b e  i d e n t i f i e d .  
On J u l y  2 1  t h e  s p r i n g  wheat  was 80 cm h i g h ,  90% mature ,  and 
weedy. The p h o t o g r a p h i c  p a t t e r n  i s  due a l m o s t  e n t i r e l y  t o  d i f f e r e n c e s  
i n  t h e  v e g e t a t i o n .  Very few d i s t i n c t  d i f f e r e n c e s  i n  r e f l e c t a n c e  a r e  
n o t e d  ( F i g u r e  3 ) .  A few areas w i t h  wetness l i m i t a t i o n  a r e  e v i d e n t  
( F i g u r e  3 ) .  
The August  12, September 10 and November 5 photographs were t a k e n  
a f t e r  t h e  s p r i n g  wheat  was ha rves ted .  A s t u b b l e  1 5  cm h i g h  w i t h  weeds 
masked t h e  s o i l  s u r f a c e  and i s  r e s p o n s i b l e  f o r  t h e  p h o t o g r a p h i c  p a t t e r n .  
O f  t h e s e  d a t a ,  o n l y  t h e  November photographs a r e  i l l u s t r a t e d  ( F i g u r e  3 ) .  
DENSITY SLICING ANALYSIS 
The S p a t i a l  Data System ( F i g u r e  2 )  was used t o  enhance t h e  
p h o t o g r a p h i c  d e n s i t y  d i f f e r e n c e s  p r e s e n t  f o r  t h e  d i f f e r e n t  d a t e s .  The 
c o l o r  encoded May and June images r e p r e s e n t  p r i m a r i l y  s o i l  and vegeta-  
t i o n  m o d i f i e d  s o i l  f e a t u r e s ,  w h i l e  t h e  J u l y  and November' images show 
some c u l t i v a t i o n  o r  c u l t u r a l  e f f e c t s .  
The c o l o r  encoded r e p r e s e n t a t i o n  o f  t h e  May image i s  b e s t  f o r  
o b t a i n i n g  i n f o r m a t i o n  a b o u t  s o i l  l i m i t a t i o n s .  The s e v e r e l y  eroded 
areas a r e  shown i n  ye1  low, t h e  areas w i t h  s l i g h t  t o  moderate  e r o s i o n  
haza rd  a r e  green,  t h e  r e d  c o l o r  p o r t r a y s  t h e  normal  s o i l s ,  and t h e  w e t  
areas a r e  b l u e  on t h e  May image ( F i g u r e  4 ) .  T h i s  c o l o r  encoded 
r e p r e s e n t a t i o n  was f i e l d  checked and was f o u n d  t o  c o r r e l a t e  w i t h  t h e  
s o i l  1 i m i t a t i o n s  a c t u a l l y  p r e s e n t  (Frazee e t  a l . ,  1971).  
The d e n s i t y  s l i c i n g  a n a l y s i s  o f  t h e  June image i s  somewhat 
d i f f e r e n t  ( F i g u r e  4 ) .  A l t h o u g h  most  o f  t h e  s e v e r e l y  eroded areas a r e  
c o l o r  encoded y e l l o w ,  t h e  o t h e r  s o i l  l i m i t a t i o n s  a r e  n o t  r e p r e s e n t e d .  
The s p r i n g  wheat  has masked t h e  s o i l  s u r f a c e  e x c e p t  f o r  t h e  s e v e r e l y  
eroded areas and t h e  r e s u l t i n g  v e g e t a t i v e  cove r  does n o t  r e f l e c t  o r  
show t h e  o t h e r  s o i l  l i m i t a t i o n s  p r e s e n t .  T h i s  i s  t h e  m a j o r  prob lem 
o f  u s i n g  v e g e t a t i o n  as an i n d i c a t o r  o f  s o i l  l i m i t a t i o n s  i n  c u l t i v a t e d  
a reas .  The c r o p  grown i s  n o r m a l l y  s e l e c t e d  t o  m i n i m i z e  t h e  e f f e c t s  
o f  s o i l  l i m i t a t i o n s  o r  i s  n o t  a f f e c t e d  e v e r y  y e a r .  
The p r i m a r y  f e a t u r e  shown on t h e  c o l o r  encoded J u l y  image i s  a  
somewhat r e c t a n g u l a r  a r e a  i n  t h e  m i d d l e  o f  t h e  f i e l d  ( F i g u r e  4 ) .  T h i s  
f e a t u r e  i s  i n t e r p r e t e d  t o  be t h e  r e s u l t  o f  t h e  f a r m e r ' s  c u l t u r a l  o r  
c u l  t i v a t i o n  p r a c t i c e s .  
A s i m i l a r  f e a t u r e  i s  i l l u s t r a t e d  on t h e  November image ( F i g u r e  4 ) .  
However, t h e  l o c a t i o n  o f  t h e  a r e a  i s  d i f f e r e n t .  
On t h e  b a s i s  o f  t h i s  a n a l y s i s ,  t h e  May 26 image was b e s t  f o r  
i d e n t i f y i n g  and mapping s o i l  l i m i t a t i o n s .  The reason b e i n g  t h a t  t h e  
s o i l  s u r f a c e  p a t t e r n  was most  a p p a r e n t  a t  t h a t  t ime .  T h e r e f o r e ,  t h e  
optimum t i m e  f o r  o b t a i n i n g  imagery  t o  s t u d y  s o i l  l i m i t a t i o n s  i n  t h e  
s t u d y  a rea  i s  when t h e  s o i l  s u r f a c e  p a t t e r n  can be sensed o r  
photographed. I n  t h e  Oahe a rea  t h i s  i s  May. The p e r c e n t  o f  f i e l d s  
a l o n g  t h e  f l i g h t  l i n e  f o r  wh ich  s o i l  l i m i t a t i o n s  c o u l d  be a d e q u a t e l y  
mapped u s i n g  t h i s  c r i t e r i a  ( o b s e r v a b l e  s o i l  s u r f a c e  p a t t e r n s )  f o r  
t h e  v a r i o u s  t i m e s  s t u d i e d  i s :  May 26, 59%; J u l y  21, 20%; August  13, 
18%; September 10, 18%; and November 5 ,  21%. These r e s u l t s  sugges t  
t h a t  t o  map s o i l  l i m i t a t i o n s  o f  t h e  s t u d y  a r e a  b y  remote  s e n s i n g  
techn iques ,  imagery  f r o m  more t h a n  one t i m e  o r  y e a r  w i l l  be  r e q u i r e d  
COMPARISON OF DENSITY SLICING ANALYSIS WITH SOIL SURVEY 
The d e n s i t y  s l i c i n g  a n a l y s i s  o f  t h e  b e s t  seasona l  image f o r  
d e t e c t i n g  s o i l  l i m i  t a t i o n s  was compared w i t h  t h e  e x i s t i n g  s o i l  s u r v e y  
map o f  t h i s  f i e l d  ( W e s t i n  e t  a l . ,  1954) t o  a n a l y z e  t h e  v a l u e  o f  d e n s i t y  
f o r  mapping s o i l  l i m i t a t i o n s  ( F i g u r e s  5  and 6 ) .  The s o i l  map shows two 
mapping u n i t s  w h i c h  d i f f e r  i n  s l o p e  and c o m p o s i t i o n  ( F i g u r e  6 ) .  The 
No. 67 mapping u n i t  i s  W i l l i a m s - B o w b e l l s  loams, u n d u l a t i n g  (3-5% s l o p e ) .  
The No. 23 mapping u n i t  i s  B o w b e l l s - W i l l i a m s  loams, n e a r l y  l e v e l  
(0 -2% s l o p e ) .  A t  f i r s t  g l a n c e  t h e  d e n s i t y  s l i c i n g  a n a l y s i s  bea rs  
l i t t l e  resemblance t o  t h e  s o i l  map ( F i g u r e  6 ) .  There i s  a  h i g h e r  
pe rcen tage  o f  y e l l o w  and green c o l o r  encoded areas i n  upper  l e f t  o f  
t h e  image. These c o l o r s  a r e  a s s o c i a t e d  w i t h  t h e  s o i l s  o c c u r r i n g  on 
more s l o p i n g  areas.  The c o l o r  encoded r e p r e s e n t a t i o n  shows t h e  complex 
of f o u r  s o i l s  b e t t e r  t h a n  t h e  o r i g i n a l  s o i l  map. The d e n s i t y  s l i c i n g  
' a n a l y s i s  was checked i n  t h e  f i e l d  and c o r r e l a t e s  w i t h  t h e  s o i l s  f ound  
i n  t h i s  f i e l d  ( F i g u r e  5 ) .  
A d d i t i o n a l  and more a c c u r a t e  i n f o r m a t i o n  abou t  t h e  boundar ies  
d e l i n e a t i n g  areas o f  s i m i l a r  s o i l  l i m i t a t i o n s  i s  o b t a i n a b l e  f r o m  t h e  
d e n s i t y  s l i c i n g  a n a l y s i s  t h a n  f r o m  t h e  e x i s t i n g  s o i l  map. There  a r e  
two m a j o r  reasons f o r  t h i s .  F i r s t ,  t h e  d e n s i t y  s l i c i n g  system i s  
e x t r e m e l y  f a s t  and e f f i c i e n t  a t  measur ing  f i l m  d e n s i t y  and g r o u p i n g  
areas o f  t h e  same d e n s i t i e s .  T h i s  a l l o w s  f o r  many more o b s e r v a t i o n s  
than  a  human c o u l d  f e a s i b l y  make i n  a  r e a s o n a b l e  l e n g t h  o f  t i m e .  The 
o t h e r  reason i s  r e l a t e d  t o  t h e  q u a l i t y  o f  t h e  photograph wh ich  t h e  
s o i l  s c i e n t i s t  used t o  make t h e  s o i l  su rvey  ( F i g u r e  7 ) .  The photograph 
was a s t a n d a r d  ASCS photograph t a k e n  w i t h  panchromat i c  f i l m  w i t h  minus 
b l u e  f i l t e r  i n  August ,  1939. The s o i l  s u r f a c e  was covered a lmos t  
c o m p l e t e l y  b y  a  c r o p  and v e r y  l i t t l e  i n f o r m a t i o n  c o u l d  be d e r i v e d  f r o m  
photograph b y  t h e  s o i l  s c i e n t i s t  t o  make i n f e r e n c e s  abou t  t h e  s o i l s  
p r e s e n t  i n  t h i s  f i e l d  ( F i g u r e  7 ) .  T h i s  i s  t h e  p rob lem o f  u s i n g  s t a n d a r d  
ASCS photographs f o r  mapping s o i l s .  ASCS photographs a r e  taken  p r i m a r -  
i l y  t o  l o c a t e  and measure cropped f i e l d  boundar ies  f o r  compl iance w i t h  
government f a r m  programs. The ASCS photographs a r e  n o r m a l l y  t a k e n  i n  
mid-summer, wh ich ,  as shown i n  t h e  p r e v i o u s  a n a l y s i s  ( F i g u r e s  3 and 4 ) ,  
i s  n o t  t h e  optimum t i m e  f o r  o b t a i n i n g  photographs f o r  s o i l  su rveys  i n  
c u l t i v a t e d  areas.  The most  i m p o r t a n t  immedia te  use o f  remote  s e n s i n g  
f o r  s o i l  su rveys  wou ld  b e  t o  p r o v i d e  t h e  s o i l  s u r v e y o r  w i t h  an image 
o r  photograph t a k e n  s p e c i f i c a l l y  f o r  s o i  1  su rvey .  
FILM QUALITY 
The f i l m  t r a n s p a r e n c i e s  o b t a i n e d  f r o m  t h e  70 mm H a s s e l b l a d  
cameras u s i n g  b l a c k  and w h i t e  f i l m s  f i l t e r e d  f o r  t h e  g reen  and r e d  
p o r t i o n s  o f  t h e  spect rum and b l a c k  and w h i t e  i n f r a r e d  f i l m  were 
e v a l u a t e d  f o r  t h e  f i  l m  qua1 i t y  c h a r a c t e r i s  t i c s  o f  t o n e  c o n t r a s t  and 
sharpness,  (Amer ican S o c i e t y  o f  Photogrammetry, 1960) (Tab1 e  I). The 
purpose was t o  e v a l u a t e  imagery  c o l l e c t e d  i n  s i m i l a r  wavebands as 
w i l l  be used i n  R B V  t e l e v i s i o n  cameras on t h e  ERTS s a t e l l i t e  f o r  
o b s e r v i n g  s o i l  p a t t e r n s .  From t h i s  s i m p l e  a n a l y s i s ,  t h e  RBV camera 
f i l t e r e d  f o r  t h e  r e d  p o r t i o n  o f  t h e  spect rum appears most  u s e f u l  f o r  
s t u d y i n g  s o i l  ( T a b l e  11). The s o i  1  p a t t e r n s  were n e a r l y  a lways 
observed e a s i e s t  on t h e  Plus-X o r  T r i - X  f i l m  f i l t e r e d  f o r  t h e  r e d  
p o r t i o n  o f  t h e  spect rum because o f  g r e a t e r  t one  c o n t r a s t  and image 
sharpness . 
BENNETT C O U N T Y  
The mosiac of the Bennett County f l i g h t  l i n e  i s  shown in Figure 
8. The primary features  a re  the sandy rangelands, southern par t  of 
south half of f l i g h t  l i n e ,  cul t ivated areas in the middle of the  f l i g h t  
l i n e ,  and the s i l t y  and loamy rangelands on the north half  of the f l i g h t  
l i n e  (Figure 8 ) .  This f l i g h t  l i n e  was established t o  co l l e c t  data f o r  
t e s t ing  the usefulness of the ERTS s a t e l l i t e  f o r  studying so i l  
1 imitat ions . 
Drainage pat tern  and land use have been in terpre ted f o r  the 
f l i g h t  l i ne .  A representa t ive  area of the f l i g h t  l i n e  wi l l  be used 
t o  i l l u s t r a t e  the nature of the t e s t  data.  
The drainage pat tern  of the northern half  of the f l i g h t  l i n e  
cor re la tes  wi t h  1  and use boundaries (Figures 9 and 10) .  The areas 
su i t ab le  f o r  cu l t iva t ion  a r e  n o t  dissected by drainageways or have 
very few drainageways. The density of the drainage pat tern  has some 
corre la t ion with slope (Figure 9 ) .  
The land use boundaries were determined primarily by observing 
the presence of regular  pat terns  or f i e l d  boundaries (Figure 10) .  Of 
the land use categor ies ,  rangeland and cropland appear to be eas i ly  
separated,  b u t  the cropland and hayland areas a re  hard t o  d is t inguish  
from each other .  
SUMMARY 
Research t o  determine the optimum time or season fo r  obtaining 
imagery t o  iden t i fy  and map s o i l  l imi ta t ions  was conducted in the 
proposed Oahe i r r i ga t i on  project  area in South Dakota. The optimum 
time f o r  securing photographs or imagery i s  when the so i l  surface 
patterns a r e  most apparent. For cul t ivated areas s imi la r  t o  the study 
a rea ,  May i s  the optimum time. The f i e l d s  a r e  cul t ivated o r  the 
planted crop has not y e t  masked the s o i l  surface fea tu res .  Soil 
l imi ta t ions  in 59 percent of the f i e l d  of the f l i g h t  l i n e  could be 
mapped using the above c r i t e r i a .  The remaining f i e l d s  cannot be mapped 
because the vegetation or growing crops did not express fea tures  
re la ted  t o  so i l  d i f ferences .  This suggests t h a t  imagery from more than 
one year i s  necessary t o  map completely the s o i l  l imi ta t ions  of Oahe 
area by remote sensing techniques. Imagery from the other times studied 
i s  not su i t ab l e  f o r  ident i fy ing and mapping so i l  l imi ta t ions  because 
the vegetat ive cover masked the so i l  surface and did not r e f l e c t  the 
soi 1 d i f ferences  . 
The density s l i c i ng  analys is  of the May image provided addit ional  
and more accurate information than did the exis t ing so i l  map. The 
so i l  boundaries were more accurately located. The use of a' density 
analysis  system f o r  an operational so i l  survey has not been t e s t ed ,  b u t  
i s  obviously dependent upon securing excel lent  photographs fo r  in terpre-  
t a t i on .  The colors or dens i t i e s  of photographs wil l  have t o  be 
corrected fo r  sun angle e f f e c t s ,  vignett ing e f f e c t s ,  and processing t o  
have maximum effectiveness f o r  mapping s o i l  l imi ta t ions .  
Rangeland s i t e s  were established in Bennett County, South Dakota 
t o  determine the usefulness of ERTS imagery. Imagery from these areas 
was in terpre ted f o r  land use and drainage pat terns .  
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Figure 2.- Spatial Data Datacolor 703-32 density slicing system. 
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Figure 3.- Color infrared photographs of 1970 time analysi s. 
Tl18N, R65W, Sec. 3, NE 1/4. Crop is spring wheat . 
Scale = 1:12,675. 
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Figure 4.- Color encoded representation of Figure 3. 
41-22 
Co lor infra t'ed 
imagery May, 1970 
Defls~ty slicing analysis 
Figure 5.- Density slicing analysis of best seasonal image of 
1970 for detecting soil limitations. T118N, R65W, Sec. 3, 
NE 1/4. Scale = 1:6,330. 
Density slicing analysis Existing soil map 
Figure 6.- Comparison of density slicing analysis with existing 




imagery May, 1970 
Panchromatic film 
August, 1939 
Figure 7.- Comparison of remote sensing photograph with photograph 
used by soil scientists for soil survey. Tl18N, R65W, Sec. 3, 
















































































Plus-X f i lm with 25A filter, June, 1971 
Drainage pattern 
Figure 9.- Drainage analysis of a representative area of the 
northern half of the Bennett County flight line. Scale = 62,~OO 
41- 27 
Plus-X film with 25A filter, June, 1971 
Land use 
Figure 10.- Land use analysis of a representative area of the 
northern half of the Bennett County flight line. Scale = 62,500. 




SYSTEM AND PROCEDURES 
Gera ld  D. Nelson 
Remote Sensing I n s t i t u t e  and 
E l e c t r i c a l  Engineer ing Department 
and 
David V.  Serreyn 
Remote Sensing I n s  t i  t u t e  
Brookings , South Dakota 
INTRODUCTION 
The o b j e c t i v e s  of t h e  p a t t e r n  r e c o g n i t i o n  tasks  a r e  t o  develop 
(a)  a man-machine i n t e r a c t i v e  da ta  process ing system and ( b )  procedures 
t o  determine e f f e c t i v e  f e a t u r e s  as a f u n c t i o n  o f  t i m e  f o r  crops and 
s o i l s .  
Th is  paper r e p o r t s  on the  progress made toward ach iev ing  these 
o b j e c t i v e s .  The s p e c i f i c  p r o j e c t s  done and c u r r e n t l y  i n  progress a r e  
considered necessary t o  a i d  i n  the  s p e c i f i c a t i o n  o f  da ta  process ing and 
c l a s s i f i c a t i o n  techniques.  
To assume t h a t  t h e  da ta  o r  fea tures  a r e  m u l t i v a r i a t e  Gaussian i s  
sometimes u n r e l i a b l e .  Therefore,  i n  computer s i m u l a t i o n  s t u d i e s  when 
pseudo-random number genera tors  a r e  used t o  generate t h e  f e a t u r e  
vec to rs  w i t h  s p e c i f i e d  s t a t i s t i c a l  parameters, a c r i t e r i a  t o  judge t h e  
p r o b a b i l i t y  o f  t h e  da ta  be ing  f rom t h e  s p e c i f i e d  p r o b a b i l  i ty d e n s i t y  
f u n c t i o n  i s  requ i red .  The Kolmogorov-Smirnov t e s t  i s  used t o  determine 
i f  t h e  pseudo-random number genera tor  produced Gaussian data.  
Another problem area i s  t o  determine t h e  advantages and disadvan- 
tages o f  t rans fo rm ing  t h e  measurements. Exper imental  work by Nalepka 
(1) has' shown the  advantage o f  t he  r a t i o  technique.* 
I n  t h i s  paper the  r a t i o  t r a n s f o r m a t i o n  i s  considered.  However, t he  
e f f e c t  o f  n o i s e  i s  i m p l i e d  t o  be a d d i t i v e .  The case o f  mu1 t i p l i c a t i v e  
no ise  shou ld  a l s o  be pursued. 
The s e l e c t i o n  o f  q u a n t i z e r  parameters f o r  a two-c lass r e c o g n i t i o n  
problem under t h e  c r i t e r i a  o f  m i n i m i z i n g  t h e  p r o b a b i l i t y  o f  e r r o r  i s  
a l s o  d iscussed.  
Contextual  da ta  ( 2 )  has been used t o  show decreased p r o b a b i l i t y  
o f  e r r o r  i n  c l a s s i f i c a t i o n  experiments. A s tudy t o  eva lua te  t h e  con- 
d i  t i o n s  necessary t o  p r o v i d e  t h i s  decreased p r o b a b i l  i ty of e r r o r  i s  i n  
progress.  The purpose and method o f  t he  s tudy  i s  d iscussed.  
* I n  t h e  a b s t r a c t  o f  t h i s  paper (Nelson and Serreyn) an i n c o r r e c t  
statement was made by Nelson concerning t h e  work on the  r a t i o  techn ique 
r e p o r t e d  by  Nalepka. I ns tead  o f  t h e  r a t i o  t rans fo rma t ion  always 
y i e l d i n g  poorer  - c l a s s i f i c a t i o n  r e s u l t s  than t h e  o r i g i n a l  da ta  t h e  
c l a s s i f i c a t i o n  r e s u l t s  a r e  always b e t t e r .  , 
The man-machine i n t e r a c t i v e  da ta  p rocess ing  system i s  r e f e r r e d  
t o  a t  t h e  Remote Sensing I n s t i t u t e  as t h e  S igna l  Ana l ys i s  and Dissemi- 
n a t i o n  Equipment, SADE. Th is  system i s  descr ibed  and p lans f o r  i t s  
use i n d i c a t e d .  
The work on t r ans fo rma t i ons  o f  Gaussian v a r i a t e s  ( 3 )  was done by  
John E. Boyd, p r e v i o u s l y  a  graduate s t uden t  i n  t h e  E l e c t r i c a l  Engineer-  
i n g  Department a t  South Dakota S t a t e  U n i v e r s i t y .  
The remainder of t he  r epo r t ed  work was done a t  t h e  Remote Sensing 
I n s t i t u t e  a t  South Dakota S t a t e  U n i v e r s i t y  i n  Brook ings , South Dakota. 
The work was performed under g r a n t  number NGL 42-003-007 which i s  
supported by t h e  O f f i c e  o f  U n i v e r s i t y  A f f a i r s  and t he  Ea r t h  Observat ions 
O f f i c e  o f  NASA. 
MULTIVARIATE GAUSSIAN ASSUMPTION 
A ve r y  common assumption made by  i n v e s t i g a t o r s  i s  t h a t  t h e  
f ea tu res  used t o  r ep resen t  t h e  p a t t e r n  c lasses  a r e  m u l t i v a r i a t e  
Gaussian. To v a l i d a t e  t h e  Gaussian assumption i s  n o t  a  t r i v i a l  task.  
Papoul is  ( 4 )  d iscusses t h e  b i v a r i a t e  Gaussian case. If t h e  j o i n t  
p r o b a b i l i t y  d e n s i t y  f u n c t i o n  i s  b i v a r i a t e  Gaussian i t  i s  a l s o  t r u e  t h a t  
the  marg ina l  p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  a r e  a l s o  Gaussian. However, 
i f  t h e  marg ina l  p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  a r e  Gaussian t h e  j o i n t  
probabi  1  i ty  d e n s i t y  f u n c t i o n  i s  n o t  necessar i  l y  b i v a r i a t e  Gaussian. 
To s tudy  by computer s i m u l a t i o n  methods t h e  e f f e c t i v e n e s s  o f  
con tex tua l  da ta  r e q u i r e s  t he  use o f  a  pseudo-random number generator .  
The gene ra t i on  o f  Gaussian random v a r i a t e s  can be conven ien t l y  done by  
t h e  use o f  the  IBM subrou t ines  GAUSS and RANDU. RANDU generates a  
un i f o rm  random number between zero  and one by a  power r es i due  method. 
GAUSS r e q u i r e s  twe l ve  u n i f o r m  random numbers t o  generate  one Gaussian 
random v a r i a t e .  The c e n t r a l  l i m i t  theorem i s  used w i t h  t h e  number o f  
u n i f o r m  random numbers s e t  a t  twe l ve  i n s t e a d  o f  approaching i n f i n i t y  
i n  o rde r  t o  make t he  procedure f e a s i b l e .  
Another method o f  gene ra t i ng  Gaussian random v a r i a t e s  i s  known 
as t h e  M u l l e r  method ( 5 ) .  The equat ions which r e l a t e  T, Y,  U and V 
a r e  
The v a l i d i t y  o f  t h e  computer s i m u l a t i o n  s tudy  depends on t h e  
p r o b a b i l i t y  d e n s i t y  f u n c t i o n  ( p d f )  o f  t he  da ta  produced by the  random 
number generators .  To t e s t  t he  p d f ' s  t h e  Kolmogorov-Smirnov t e s t  
(K-S t e s t )  ( 6 )  was used on RANDU, GAUSS and t h e  Mu1 l e r  produced pseudo- 
random numbers. The r e s u l t s  o f  t h e  K-S t e s t  as a  f u n c t i o n  o f  t h e  
number o f  samples a r e  p r e s e n t e d  i n  T a b l e  I. 
The r e s u l t s  o f  t h e  K-S t e s t  i n d i c a t e  t h a t  e x c e p t  i n  s e v e r a l  cases 
t h e  pseudo-random numbers have l e s s  t h a n  90 p e r c e n t  chance o f  b e i n g  
f r o m  e i t h e r  u n i f o r m  o r  Gauss ian p d f ' s .  
GAUSS uses t h e  o u t p u t  o f  RANDU and t h e  M u l l e r  method uses t h e -  
o u t p u t  o f  RANDU t w i c e ,  w i t h  d i f f e r e n t  seeds as l i s t e d  i n  T a b l e  I .  The 
means and v a r i a n c e s  f o r  RANDU a r e  v e r y  good e s t i m a t e s  o f  the,  s p e c i f i e d  
p o p u l a t i o n  means and v a r i a n c e s .  The r e s u l t s  o f  t h e  K-S t e s t  i n d i c a t e  
t h a t  b e f o r e  t h e  computer  s i m u l a t i o n  exper imen t  i s  pe r fo rmed  t h e  
pseudo-random number g e n e r a t o r  s h o u l d  be e v a l u a t e d  b y  t h i s  t e s t .  
TRANSFORMATIONS OF GAUSSIAN VARIATES 
I n  t h i s  t w o - c l a s s  p rob lem t h e  f e a t u r e s  s e l e c t e d  a r e  deno ted  X 1  
and X 2 .  Fo r  c l a s s  one t h e s e  f e a t u r e s  a r e  u n c o r r e l a t e d ,  and each i s  
G a u s s i a n l y  d i s t r i b u t e d  w i t h  mean z e r o  and v a r i a n c e  one. For  c l a s s  two 
t h e s e  f e a t u r e s  a r e  c o r r e l a t e d ,  and each i s  G a u s s i a n l y  d i s t r i b u t e d  w i t h  
mean z e r o  and v a r i a n c e  one. T h e r e f o r e  c l a s s  one and two a r e  o v e r l a p p i n g  
b i v a r i a t e  Gaussian p r o b a b i l i t y  d e n s i t y  f u n c t i o n s .  The c o n t o u r s  o f  
t h e s e  two o v e r l a p p i n g  p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  a r e  shown i n  
F i g u r e  1. 
To c l a s s i f y  t h e  d a t a  based on t h e  f e a t u r e s  X 1  and X 2  t h e  Bayes 
c l a s s i f i e r  was d e r i v e d  and t h e  d e c i s i o n  boundar ies  de te rm ined .  F i g u r e  
2 r e p r e s e n t s  t h e  t h r e e  sigma c o n t o u r s  of  t h e  c l a s s  one and two 
b i v a r i a t e  Gaussian p r o b a b i l i t y  d e n s i t y  f u n c t i o n s .  The d e c i s i o n  bound-.  
a r i e s  a r e  shown as h y p e r b o l a s .  The a l p h a  and b e t a  e r r o r s  a r e  .216 
and .053 r e s p e c t i v e l y  w i t h  a t o t a l  e r r o r  o f  0.1345. 
I t  can be shown ( 4 )  t h a t  Z ,  t h e  r a t i o  o f  two Gaussian v a r i a t e s ,  
X1/X2=Z has an u n i v a r i a t e  Cauchy p r o b a b i l i t y  d e n s i t y  f u n c t i o n .  The p d f  
o f  X, and X 2  i s  
f (X,,X2)= 1 exp I -1 ( X L  - 2rXlX7 
27~ ala2JTF2 2 - r 2  ' .  u u ~ u . ~  
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. F o r ; c l a s s  one t h e  c o r r e l a t i o ' n  c o e f f i c i e n t  r i s  z e r o  and f o r  c l a s s  two 
i s  .98 . '  
The Cauchy p d f  o f  Z i s  
The c l a s s i f i c a t i o n  process i s  now based on t h e  f e a t u r e  Z wh ich  
i s  t h e  r a t i o  X 1 / X 2 .  The p r o b a b i l i t y  of e r r o r  i s  o f  p r ime  i n t e r e s t .  
The Bayes c l a s s i f i e r  f o r  Cauchy d a t a  was d e r i v e d  and t h e  r e s u l t s  
de te rm ined .  The a l p h a  and b e t a  e r r o r s  a r e  .347 and .130, r e s p e c t i v e l y .  
See F i g u r e  3.  The t o t a l  p r o b a b i l i t y  of e r r o r  i s  .2385. T h e r e f o r e ,  
under  t h e  assumpt ion  o f  t h i s  p rob lem i t  i s  obv ious  t h a t  t a k i n g  t h e  
r a t i o  i s  n o t  u s e f u l  t o  decrease t h e  p r o b a b i l i t y  o f  e r r o r .  I n  f a c t  t h e  
p r o b a b i l i t y  o f  e r r o r  has i n c r e a s e d  10.4 p e r c e n t  f r o m  13.45 p e r c e n t  t o  
23.85 p e r c e n t .  
QUANTIZATION 
The e f f e c t s  o f  u s i n g  q u a n t i z e d  d a t a  on c l a s s i f i c a t i o n  e r r o r  was 
i n v e s t i g a t e d  f o r  a  two-c lass  prob lem i n v o l v i n g  a  s i n g l e  f e a t u r e  o r  
a t t r i b u t e .  The r e s u l t s  o f  t h i s  s t u d y  a r e  summarized h e r e  and g i v e n  
i n  a  T e c h n i c a l  I n t e r i m  R e p o r t  ( 7 ) .  
A  q u a n t i z e r  i s  ' b e s t  d e s c r i b e d  b y  i t s  t r a n s f e r  c h a r a c t e r i s t i c .  The 
t r a n s f e r  c h a r a c t e r i s t i c s  f o r  an even and odd e q u i - i n t e r v a l  q u a n t i z e r  
a r e  shown i n  F i g u r e s  4  and 5  r e s p e c t i v e l y .  The i n p u t  t o  t h e  q u a n t i z e r  
c o n s i s t s  o f  d a t a  whose d i s t r i b u t i o n  i s  assumed t o  be normal .  The 
e f f e c t  o f  t h e  q u a n t i z e r  i s  t o  a s s i g n  a  s p e c i f i c  v a l u e  t o  any o f  t h e  
d a t a  t h a t  f a l l s  i n  a g i v e n  range.  The v a l u e  f o r  r, t h e  q u a n t i z a t i o n  
i n t e r v a l ,  i s  c o n s t a n t  f o r  a  g i v e n  q u a n t i z e r  b u t  v a r i e s  w i t h  t h e  number 
of l e v e l s .  
The o u t p u t  o f  t h e  q u a n t i z e r  c o n s i s t s  o f  NQ v a l u e s  where NQ i s  
t h e  number o f  q u a n t i z e  l e v e l s .  Each o f  t h e s e  NQ v a l u e s  i s  w e i g h t e d  b y  
t h e  a rea  under  t h e  normal  c u r v e  w i t h i n  t h e  i n p u t  range as g i v e n  b y  
t h e  t r a n s f e r  c h a r a c t e r i s t i c .  Fo r  t h e  mu1 t i -sample problem, t h e  p d f  
( p r o b a b i l i t y  d e n s i t y  f u n c t i o n )  i s  mu1 t i n o m i a l .  T h i s  i s  due t o  t h e  
f a c t  t h a t  t h e  o u t p u t  c o n s i s t s  o f  NQ l e v e l s .  I f  o n l y  two l e v e l s  a r e  
p r e s e n t ,  t h e n  t h e  sampled d a t a  i s  d i s t r i b u t e d  b i n o m i a l l y .  
F o r  t h e  one sample case,  t h e  p d f  f o r  t h e  d a t a  i s  t h e  o u t p u t  pdf 
o f  t h e  q u a n t i z e r .  The p r o b a b i l i t y  o f  e r r o r  i s  g i v e n  by  
where ql and q2 a r e  p r o b a b i l i t i e s  o f  occu r rence  f o r  each o f  t h e  two 
c l a s s e s .  A t  t h e  o u t p u t  o f  t h e  q u a n t i z e r ,  t h e  p r o b a b i l i t y  o f  e r r o r  i s  
a  summation g i v e n  b y  
N 
+ (q2 /2 )E  [ e r f {  ( u ~ + ~ + s - P ) / & ~  - e r f  ( U ~ + S - V ) / ~ ~ I  . 
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f o r  t h e  normal  case.  T h i s  reduces t o  
I n  t h e  ab?[e e q u a t i o n s  s  i s  a  s h i f t  f a c t o r ,  u  i s  t h e  l o c a t i ? ~  o f  
t h e  ( N + l )  i n p u t  l o c a t i o n .  The d e c i s i o n  bou#8ary i s  a t  t h e  N 
impu lse .  The p r o b a b i l i t y  o f  e r r o r  i s  graphed i n  F i g u r e  6 f o r  v a r i o u s  
v a l u e s  o f  N. The e n t i r e  graph f o r  each v a l u e  o f  N i s  n o t  g i v e n .  The 
l o c a t i o n  o f  equa l  p r o b a b i  1  i ty o f  e r r o r  a r e  drawn i n .  The X l o c a t e s  
t h e  minimums. 
To f i n d  t h e  l o c a t i o n  o f  t h e  minimums i n v o l v e s  t a k i n g  t h e  
d e r i v a t i v e  s e t t i n g  t o  z e r o  and s o l v i n g  f o r  t h e  v a r i a b l e  i n  q u e s t i o n ,  
namely r. S o l v i n g  f o r  r y i e l d s  
T h i s  v a l u e  o f  r g i v e s  t h e  minimum p r o b a b i l i t y  o f  error :  I n  f a c t ,  
t h i s  v a l u e  makes t h e  p r o b a b i l i t y  o f  e r r o r  equa l  t o  t h a t  o f  t h e  
c o n t i n u o u s  case. I n  F i g u r e  7 ,  t h e  p r o b a b i l i t y  o f  e r r o r  i s  g raph f o r  
two v a l u e s  o f  r. One case i s  t h e  d e r i v e d  w h i l e  t h e  o t h e r  i n v o l v e s  
an r t h a t  m i n i m i z e s  t h e  mean-square-er ror  between i n p u t  and o u t p u t  
d e r i v e d  b y  Max ( 8 ) .  
As t h e  number o f  samples i n c r e a s e s  b e f o r e  a  d e c i s i o n  i s  made, 
t h e  p r o b a b i l i t y  o f  e r r o r  decreases i n  t h e  c o n t i n u o u s  case.  The same 
i s  t r u e  o f  e r r o r  f o r  t h e  m u l t i - s a m p l e  case i s  shown i n  F i g u r e  8  f o r  
a  two and t h r e e  l e v e l  q u a n t i z e r  as w e l l  as c o n t i n u o u s .  Ones does g e t  
more p r o b a b i l i t y  o f  e r r o r  i n  t h e  q u a n t i z e d  case.  However, t h e  
d i f f e r e n c e s  i n  e r r o r  may b e  a c c e p t a b l e  i f  one i s  concerned w i t h  t h e  
accu racy  o f  t h e  measurement and t h e  c o s t  of o b t a i n i n g  such accuracy .  
CONTEXTUAL DATA 
The d a t a  t h a t  occu rs  a d j a c e n t  t o  t h e  c e l l  o f  t h e  image t o  be 
c l a s s i f i e d  p r o v i d e s  a d d i t i o n a l  i n f o r m a t i o n  t o  be combined w i t h  t h e  
d a t a  o f  t h e  c e l l .  T h i s  a d d i t i o n a l  d a t a  i s  known as t h e  c o n t e x t u a l  
d a t a ,  and t h e  i n f o r m a t i o n  added i s  c o n t e x t u a l  i n f o r m a t i o n .  The 
c o n t e x t u a l  d a t a  i s  added t o  t h e  d e c i s i o n  r u l e  o f  t h e  c l a s s i f i e r  b y  
t h e  f o l l o w i n g  p r o d u c t  o f  sums o f  p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  ( 2 ) .  
where 
p ( X k .  1 e k  ) i s  t h e  c o n d i t i o n a l  p d f  o f  t h e  
i i measurement v e c t o r  X k  g i v e n  t h e  
c e l l s  i d e n t i t y ,  e . i 
i 
p(ek  l o k )  i s  t h e  c o n d i t i o n a l  p d f  o f  t h e  
i occur rence  o f  t h e  ek c l a s s  g i v e n  
1 
t h e  kth c e l l  i d e n t i t y ,  and 
k i t s  a r e  t h e  n e a r e s t  ne ighbors  t o  t h e  kth c e l l .  
The comp le te  d e c i s i o n  r u l e  i s  t o  
The terms a r e :  
t h  e k  i s  t h e  k  c l a s s .  
t h  X k  i s  t h e  o p t i c a l  d e n s i t y  measurement o f  t h e  k  c l a s s .  
t h  
a k  i s  t h e  d e c i s i o n  t h a t  t h e  k  c l a s s  i s  p r e s e n t .  
L (ek ,a)  i s  t h e  l o s s  a s s o c i a t e d  w i t h  making a  d e c i s i o n .  
The assumpt ions a r e  t h a t  c o n t e x t u a l  r e l a t i o n s h i p s  between non- 
a d j a c e n t  c e l l s  a r e  n e g l i g i b l e  wh ich  can be s t a t e d  as 
f o r  a l l  i and c e l l s  b  and c  a r e  nonad jacen t .  The appearance x  o f  a 
c l a s s  e i s  a  f u n c t i o n  o n l y  o f  e t ,  and i f  e i s  known n e i t h e r  khe 
n a t u r e  k o r  t h e  appearance o f  any o t h e r  c l a s k  p r o v i d e s  a d d i t i o n a l  
i n f o r m a t i o n  about  X k .  T h i s  can be s t a t e d  as 
For  a  s p e c i a l  case o f  a  tempora l  s i g n a l  on l i n e  scan d a t a  t h i s  
c o n t e x t u a l  r u l e  can be more e a s i l y  i n t e r p r e t e d  and t h e  e f f e c t  o f  t h e  
c o n t e x t u a l  d a t a  i l l u s t r a t e d  i f  a  two-c lass  p rob lem i s  d i scussed .  The 
n e x t  e q u a t i o n  s p e c i f i e s  t h e  ma themat i ca l  o p e r a t i o n s  necessary  t o  make 
a  d e c i s i o n .  
~ ( ~ ~ 1 ~ 1 )  
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The n o t a t i o n  pi i s  used f o r  t h e  a  p r i o r i  p robab i  1  i t i e s  p(e i  l e  . )  . J 
If c o n t e x t u a l  d a t a  i s  n o t  used t h e  d e c i s i o n  r u l e  reduces t o  
o r  M i s  assumed t o  be u n i t y .  
To d e t e r m i n e  t h e  v a l u e  o f  M o n l y  t h e  measurements i n  t h e  n e a r e s t  
n e i g h b o r  c e l l s  and t h e  a  p r i o r i  p r o b a b i l i t i e s  o f  occu r rence  o f  each 
c l a s s  as r e p r e s e n t e d  b y  p . .  f o r  a l l  i and j a r e  r e q u i r e d .  The measure- 
ment i n  c e l l  k  p r o v i d e s  tAd needed d a t a  t o  e v a l u a t e  t h e  l e f t  hand s i d e  
o f  t h e  d e c i s i o n  r u l e .  S i n c e  t h e  r i g h t  hand s i d e ,  t h e  p r o d u c t  of K 
and M v a r i e s  one can t h i n k  o f  c o n t e x t u a l  d a t a  as p r o v i d i n g  a  d e c i s i o n  
boundary  wh ich  v a r i e s  as a  f u n c t i o n  o f  t h e  measured da ta .  
A  computer  s i m u l a t i o n  i s  n e a r l y  comple ted wh ich  w i l l  p r o v i d e  
a  compar ison o f  t h e  p r o b a b i l i t y  o f  e r r o r  if ( a )  c o n t e x t u a l  d a t a  a r e  
n o t  used and ( b )  c o n t e x t u a l  d a t a  a r e  used, as w e l l  as these  compar isons 
f o r  more t h a n  one measurement p e r  c e l l .  
The s i m i l a r i t y  o f  t h i s  s i m u l a t i o n  t o  d a t a  t o  b e  e x t r a c t e d  f r o m  
imagery  s h o u l d  be no ted .  The c e l l s  co r respond  t o  d a t a  windows whose 
w i d t h  w i l l  v a r y  a c c o r d i n g  t o  f i e l d  s i z e .  The use o f  t h e  n e a r e s t  
n e i g h b o r  c e l l s  can b e  e a s i l y  ex tended t o  be used by  o b t a i n i n g  t h e  d a t a  
f r o m  t h e  p r e c e e d i n g  and succeed ing scan l i n e s  i n  t h e  r e s p e c t i v e  c e l l s .  
The n e c e s s i t y  o f  h a v i n g  l i n e  scan d a t a  and a  p rocedure  t o  e d i t  
t h e  ground t r u t h  d a t a  i n t o  t h e  system so t h a t  i t  can b e  used e f f e c t -  
i v e l y  i s  i m p e r a t i v e .  
To use t h i s  t e c h n i q u e  on imagery ,  r e q u i r e s  knowledge o f  a t  l e a s t  
t h e  s o i l s  t y p e  and/or  c r o p  t y p e  f o r  a l l  f i e l d s  w i t h i n  t h e  t r a i n i n g  s e t .  
On ly  t h e  two c l a s s  case has been d i s c u s s e d ,  b u t  g e n e r a l i z a t i o n  t o  
more c l a s s e s  has been done ( 2 ) .  
SIGNAL ANALYSIS AND DISSEMINATION EQUIPMENT 
INTRODUCTION 
T h i s  s e c t i o n  d i s c u s s e s  t h e  Remote Sens ing I n s t i t u t e ' s  S i g n a l  
A n a l y s i s  and D i s s e m i n a t i o n  Equipment (SADE). 
T h i s  equipment was des igned  as a  s t a t e - o f - t h e - a r t  d a t a  a n a l y s i s  
system f o r  a  medium c o s t  w i t h  h i g h l y  f l e x i b l e  modular  des ign .  The 
maximum r e s o l u t i o n  o f  any i n d i v i d u a l  module i s  n o t  as g r e a t  as may 
be ach ieved  a t  a  h i g h e r  c o s t .  However, t h e  i n t e g r a t i o n  o f  each seg- 
ment w i t h  a  medium h i g h  r e s o l u t i o n  has produced a  sys tem o f  o u t s t a n d i n g  
c a p a b i l i t i e s .  The SADE sys tem i n c l u d e s  t h e  f o l l o w i n g  f e a t u r e s :  
h i g h  r e s o l u t i o n ,  h i g h  qua1 i ty d i g i  t i z a t i o n  o f  b l a c k  and w h i t e  
and c o l o r  f i  l m  t r a n s p a r e n c i e s ,  
35mm, 70mm, 9% i n c h  s i n g l e  f rame o r  r o l l  f i l m s  may be 
accommodated, 
m u l t i p l e  f rames may b e  r e g i s t e r e d  w i t h  r e s p e c t  t o  one a n o t h e r  
c o n v e n i e n t l y  and a c c u r a t e l y ,  
r e g i s t r a t i o n  o f  images can b e  accompl ished o f f - l i n e  w i t h o u t  
i n t e r a c t i o n  w i  t h  t h e  computer ,  
a n a l o g  magne t i c  t a p e  d a t a  can be d i g i t i z e d  f o r  computer  a n a l y s i s  
f r o m  one t o  s i x  channe ls ,  
a  r e f r e s h  memory i s  p r o v i d e d  f o r  t h e  d i s p l a y  o f  p rocessed d a t a  
on t h e  v i d e o  m o n i t o r  and f o r  m u l t i p l e  f rame r e g i s t r a t i o n ,  
r e f r e s h  memory i s  expandab le  f o r  s t o r a g e  o f  h i g h  f rame r e s o l u t i o n  
imaged d a t a  and l a r g e r  d i s p l a y  f o r m a t s ,  
memory f o r m a t  i s  Pax I 1  p i c t u r e  p r o c e s s i n g  language ( 9 )  o r i e n t e d  
f o r  p r o c e s s i n g  w i t h i n  t h e  computer ,  
p rocessed d i g i t a l  d a t a  may b e  c o n v e r t e d  t o  h a r d  copy u s i n g  a  
l i n e  p r i n t e r ,  
c o n t r o l  o f  t h e  s y s t e m ' s  components i n  communicat ion  w i t h  t h e  
computer  i s  p r o v i d e d  v i a  t e l e t y p e  and system c o n t r o l  pane l .  
SYSTEM CONFIGURATION 
The system i s  c o n f i g u r e d  i n  f i v e  m a j o r  u n i t s :  
1. The S p a t i a l  Data  camera, l e v e l  s l i c i n g ,  and c o l o r  d i s p l a y  
m o n i t o r ;  
2. The image d i g i t i z e r  u t i l i z i n g  an image d i s s e c t o r  tube;  
3. The d a t a  c o n t r o l  and c o n v e r s i o n  u n i t  wh ich  c o n t a i n s  e lements 
f o r  h i g h  speed memory, ana log  t a p e  c o n v e r s i o n  and c o n t r o l  
f u n c t i  ons , 
4. The Lockheed 417 seven t r a c k  ana log  tape  r e c o r d e r ,  and 
5. The Daedalus F i l m  P r i n t e r .  
SYSTEM FUNCTIONS 
The SADE system w i l l  p r o v i d e  t h e  f o l l o w i n g  system f u n c t i o n s :  
V i s u a l  ' d i s p l a y  o f  d i g i t i z e d  f i l m  d a t a ,  
D i g i t i z e d  image d a t a  t r a n s m i t t e d  t o  t h e  compu t e r  , 
Analog tape  d a t a  d i g i t i z e d  and t r a n s m i t t e d  t o  t h e  computer ,  
Processed image d a t a  t r a n s m i t t e d  t o  t h e  d i s p l a y  m o n i t o r  t h r o u g h  
t h e  r e f r e s h  memory f o r  v i s u a l  i n t e r p r e t a t i o n ,  
Processed d i g i t a l  d a t a  t o  t h e  Daedalus P r i n t e r  f o r  70mm f i l m  
o u t p u t ,  
R e g i s t r a t i o n  o f  images v i a  t h e  d i g i t i z e r  ' and  d i s p l a y  m o n i t o r ,  and 
System c o n t r o l  . 
MODES OF OPERATION 
The SADE system can be o p e r a t e d  i n  t h e  image d a t a  and ana log  
tape  d a t a  d i g i t i z a t i o n  modes. The image can be d i g i t i z e d  and d i s p l a y e d  
on t h e  c o l o r  m o n i t o r ,  and t h e  d i g i t i z e d  d a t a  t r a n s m i t t e d  t o  t h e  
computer  memory. A second image can be d i g i t i z e d  and th rough  mechan ica l  
m a n i p u l a t i o n  be r e g i s t e r e d  b y  o b s e r v a t i o n  o f  t h e  c o l o r  d i s p l a y  wh ich  
d i s p l a y s  b o t h  t h e  f i r s t  and second images s i m u l t a n e o u s l y  t h r o u g h  use 
o f  t h e  r a s t e r  i n t e r l a c e d  system. A f t e r  r e g i s t r a t i o n  t h e  d i g i t i z e d  
d a t a  wh ich  r e p r e s e n t s  t h e  second image i s  t r a n s m i t t e d  t o  . t he  computer 
memory. L i k e w i s e ,  maps may be made, d i g i t i z e d  and s t o r e d  i n  t h e  
computer memory and t h e  image o v e r l a y e d  on t h e  map on t h e  d i s p l a y .  
The image can b e  q u a n t i z e d  a c c o r d i n g  t o  t h e  o p t i m a l  q u a n t i z e r  
d e r i v e d  i n  t h i s  paper  and t h e  r e s u l t i n g  c o l o r  encoded image d i s p l a y e d  
on t h e  m o n i t o r .  T h i s  i s  one method o f  c l a s s i f y i n g  t h e  image a c c o r d i n g  
t o  o p t i c a l  d e n s i t y  wh ich  has been shown t o  be u s e f u l  b y  Frazee ( 1 0 ) .  
C l a s s i f i c a t i o n  o f  t h e  d a t a  i f  m u l t i p l e  f e a t u r e s  a r e  used w i l l  be  
done b y  K -c lass ,  Bayes o r  c o n t e x t u a l  d a t a  c l a s s i f i e r  a l g o r i t h m s .  The 
c l a s s i f i c a t i o n  r e s u l t s  w i  11 be c o l o r  encoded and d i s p l a y e d  on t h e  
m o n i t o r .  
The d i g i t i z e d  image can a l s o  be t r a n s m i t t e d  t o  t h e  Daedalus p r i n t e r  
f o r  70mm h a r d  copy. 
The ana log  t a p e  d i g i t i z a t i o n  mode o f  o p e r a t i o n  p r o v i d e s  t h e  
c a p a b i l i t y  t o  d i g i t i z e  f r o m  one t o  s i x  channe ls  o f  m u l t i - s p e c t r a l  
d a t a  s t o r e d  on ana log  magne t i c  tape .  The d a t a  can b e  d i s p l a y e d  one 
channel  a t  a  t i m e  on t h e  d i s p l a y .  .The d a t a  can be d i g i t i z e d  6 channe ls  
a t  a  t i m e  and t r a n s m i t t e d  t o  t h e  computer  f o r  s tora ,ge i n  d i g i t a l  fo rm.  
P o s s i b l e  i n p u t s  t o  t h e  ana log  t a p e  c o n v e r s i o n  u n i t  i n c l u d e s  the rma l  
scanner  d a t a ,  m u l t i s p e c t r a l  scanner  d a t a  up t o  6 channe ls  and wea the r  
s a t e l l i t e  image d a t a .  
ANTICIPATED USES OF THE SADE SYSTEM 
The SADE system was des igned  as a  f l e x i b l e  r e s e a r c h  t o o l  f o r  d a t a  
p r o c e s s i n g  and d a t a  c l a s s i f i c a t i o n  wh ich  can be expanded. The SADE 
sys tem can a l s o  be expanded t o  p r o v i d e  i n f o r m a t i o n  d i s s e m i n a t i o n  
c a p a b i l i t i e s .  These i n f o r m a t i o n  d i s s e m i n a t i o n  c a p a b i l i t i e s  i n c l u d e  
t e l e v i s i o n  b roadcas ts  , s p e c i a l  sys tems and o u t p u t  copy.  The dissem- 
i n a t i o n  sys tem chosen w i l l  depend upon t h e  s p e c i f i c  a p p l i c a t i o n  and 
o u t p u t  f o r m  d e s i r e d  b y  t h e  u s e r .  A1 though t h e  SADE system' i s  des igned  
as a  r e s e a r c h  t o o l ,  i t  i s  a l s o  a n t i c i p a t e d  t h a t  a n a l y s i s  c o m p l e t e d '  i n  
t h e  r e s e a r c h  phases w i l l  be  implemented i n  a n . o p e r a t i o n a 1  system f o r  
i n d i v i d u a l  u s e r s .  Thus, a  s t a t e  agency i n t e r e s t e d  i n  s u r f a c e  w a t e r  
c o u l d  use, on an o p e r a t i o n a l  b a s i s ,  i n f o r m a t i o n  f r o m  t h e  ERTS-A 
s a t e 1  1  i t e  i n  t h e i r  d a i  l y  dec i s ion -mak i  ng' p rocesses.  
CONCLUDING REMARKS 
The o b j e c t i v e s  o f  t h e  p a t t e r n  r e c o g n i t i o n  t a s k s  a r e  t o  d e v e l o p  
(a )  a  man-machine i n t e r a c t i v e  d a t a  p r o c e s s i n g  sys tem and ( b )  p rocedures  
t o  d e t e r m i n e  e f f e c t i v e  f e a t u r e s  as a  f u n c t i o n  o f  t i m e  f o r  c rops  and 
s o i l s .  
- ., : r
The i n i t i a l  o b j e c t i v e  o f  d e v e l o p i n g  an i n t e r a c t i v e  system w i  11 
be a l m o s t  comp le te  a t  t h e  end o f  A p r i l  w i t h  t h e  i n s t a l l a t i o n  o f  SADE 
( S i g n a l  A n a l y s i s  and D i s s e m i n a t i o n  Equ ipment ) .  C l a s s i f i c a t i o n  programs 
a l r e a d y  deve loped such as K CLASS, Bayes and c o n t e x t u a l  d a t a  w i l l  be 
u t i  1  i z e d  w i t h  SADE. Boundary d e t e c t i o n  a1 g o r i  thms wh ich  a r e  b e i n g  
worked on w i l l  a l s o  be u t i l i z e d .  I n  o r d e r  t o  speed up p r o c e s s i n g ,  a  
v a r i a b l e  q u a n t i z e r  w i t h  parameters wh ich  a r e  s p e c i f i e d  by  t h e  o p e r a t o r ,  
has a l s o  been implemented.  
The s t u d y  o f  t r a n s f o r m a t i o n  o f  v a r i a b l e s  ( f e a t u r e s ) ,  e s p e c i a l l y  
t h o s e  e x p e r i m e n t a l  s t u d i e s  wh ich  can be comple ted w i t h  t h e  SADE system, 
w i l l  be  done. The mu1 t i v a r i a t e  Gaussian assumpt ion  w i  11 e i t h e r  be 
j u s t i f i e d  and /o r  nonparamet r i c  t echn iques  w i l l  be a p p l i e d  t o  imagery 
d a t a .  The secondary o b j e c t i v e  o f  d e t e r m i n i n g  e f f e c t i v e  f e a t u r e s  f o r  
c rops  and s o i l s  w i l l  n o t  be ach ieved  u n t i l  t h e  SADE system i s  o p e r a t i o n -  
a l .  
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Figure 1. - Contours o f  two over1 appi ng bivari a t e  Gaussian probat 
dens i ty  functions. 
Figure 2 . -  Two overlapping un iva r i a t e  Cauchy probabi 1 i  ty  dens i ty  
functions . 
Figure 3.-  Decision boundary f o r  Bayes' c l a s s i f i c a t i o n  of two 
b i v a r i a t e  Gaussian d i s t r i b u t i o n s ,  r=0.98. 
- r I r x ( i n p u t )  
F i g u r e  4.- T r a n s f e r  c h a r a c t e r i s t i c  f o r  e q u i i n t e r v a l  q u a n t i z e r  w i t h  
an even number o f  l e v e l s  ( f o u r ) .  
F i g u r e  5. -  T r a n s f e r  c h a r a c t e r i s t i c  f o r  e q u i i n t e r v a l  q u a n t i z e r  w i t h  
an odd number o f  1  eve1 s  ( f i v e )  . 
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Figure 6 . -  Probabi l i ty  of e r r o r  f o r  d i f f e r e n t  decision boundaries fo r  
varying quantizat ion in te rva l  w i t h  a  ten level  quant izer .  
NUMBER OF QUANTIZE LEVELS, NQ 
Figure 7.- Probability of error utilizing Max's interval and the 
derived interval. 
Continuous 
NUMBER OF SAMPLES, NS 
Figure  8 . -  P r o b a b i l i t y  o f  e r r o r  as a  f u n c t i o n  o f  samples f o r  Max's 
quan t ized  d a t a  and con t inuous  d a t a .  

SECTION 43 
BONANZA PEOJECT - 1971 
Keenan Lee 
Geology Department 
Colorado School  of  Mines 
Golden, Colorado 
INTRODUCTION 
T h i s  p a p e r  p r e s e n t s  a  r ev iew o f  t h e  a c t i v i t i e s  o f  t h e  
Colorado School  o f  Mines on t h e  Bonanza P r o j e c t .  A c t i v i t i e s  
p r i o r  t o  1971 a r e  i n c l u d e d  i n  t h i s  review o n l y  i n  a  g e n e r a l  
way; a c t i v i t i e s  d u r i n g  1971 a r e  d i s c u s s e d  i n  d e t a i l .  
The Bonanza P r o j e c t  i s  a  j o i n t  e f f o r t  o f  t h e  Colorado 
School  o f  Mines (CSM) and t h e  Mar t in  M a r i e t t a  C o r p o r a t i o n  
(MMC) .  CSM b r i n g s  t o  t h i s  e f f o r t  f a c u l t y  and g r a d u a t e  
s t u d e n t s  w i t h  recogn ized  a b i l i t y  i n  t h e  g e o l o g i c a l  s c i e n c e s ,  
w h i l e  MMC h a s  demons t ra ted  competence i n  a e r o s p a c e  t echno logy .  
T h i s  combined c a p a b i l i t y  t h e n ,  working t o g e t h e r  w i t h  t h e  
same d a t a  from d i f f e r e n t  approaches ,  a t t e m p t s  t o  maximize 
t h e  e x t r a c t i o n  of  g e o l o g i c  i n f o r m a t i o n  from remote s e n s o r  
d a t a .  
The Bonanza P r o j e c t  began i n  1969 w i t h  a  g r a n t  from 
t h e  O f f i c e  o f  U n i v e r s i t y  A f f a i r s  ( O U A ) .  S i n c e  t h a t  t i m e ,  
s u p p o r t  h a s  come j o i n t l y  from b o t h  OUA and t h e  E a r t h  Resources 
Survey Program O f f i c e ,  under  NASA Grant  NGL 06-001-015. 
D r .  Arch Park  i s  t e c h n i c a l  moni to r  o f  t h i s  g r a n t .  
The o b j e c t i v e s  o f  t h e  Bonanza P r o j e c t  a r e  twofo ld :  
(1) t o  deve lop  an e d u c a t i o n a l  program o f  g r a d u a t e  s t u d y  i n  
g e o l o g i c  remote s e n s i n g ,  and ( 2 )  t o  conduct  r e s e a r c h  on t h e  
a p p l i c a t i o n s  o f  remote s e n s i n g  t o  t h e  m i n e r a l  i n d u s t r y .  
EDUCATIONAL PROGRAM 
COURSES OFFERED 
F a c u l t y  working under  t h i s  g r a n t  have developed t h r e e  
~ ~ r a d u a t e  c o u r s e s  i n  g e o l o g i c  remote s e n s i n g :  
I n t r o d u c t i o n  t o  Remote S e n s i n g  
Geologic  A p p l i c a t i o n s  of  Remote Sens ing  
Seminar  i n  Geologic  Remote Sens ing  
The f i r s t  c o u r s e  i n  t h i s  series,  I n t r o d u c t i o n  t o  Remote 
S e n s i n q ,  d e a l s  w i t h  t h e  t h e o r y  o f  a c t i v e  and pass ive . remote  
s e n s i n g  s y s t e m s ,  u s i n g  t h e  energy  p a t h  concep t  i n  t h e  u l t r a -  
v i o l e t  th rough  r a d a r  p o r t i o n s  o f  t h e  e l e c t r o m a g n e t i c  spect rum.  
S t u d e n t s  a r e  i n t r o d u c e d  t o  remote s e n s i n g  i n s t r u m e n t s  and 
t h e  i n t e r p r e t a t i o n  o f  r e p r e s e n t a t i v e  d a t a .  Geologic  a p p l i c a -  
t i o n s  a r e  b r i e f l y  su rveyed .  
To d a t e ,  t h i s  c o u r s e  h a s  been o f f e r e d  f o u r  t i m e s ,  t w i c e  
a s  p a r t  o f  t h e  CSM C o n t i n u i n g  Educa t ion  Program, which made 
t h e  c l a s s  a v a i l a b l e  t o  p r a c t i c i n g  s c i e n t i s t s  and e n g i n e e r s  
i n  t h e  Denver m e t r o p o l i t a n  a r e a .  Combined e n r o l l m e n t  h a s  
t o t a l l e d  4 6  s t u d e n t s ,  i n c l u d i n g  u n d e r g r a d u a t e s ,  g r a d u a t e  
s t u d e n t s  and p r o f e s s i o n a l  s c i e n t i s t s  and e n g i n e e r s .  
The second c o u r s e ,  Geoloqic  A p p l i c a t i o n s  o f  Remote 
S e n s i n g ,  stresses t h e  a p p l i c a t i o n  o f  remote  s e n s i n g  t o  
g e o l o g i c  and m i n e r a l  r e s o u r c e  i n v e s t i g a t i o n s .  The c o u r s e  
i n c l u d e s  d e t a i l e d  s t u d y  of  remote  s e n s i n g  t e c h n i q c e s ,  w i t h  
f i e l d  and l a b o r a t o r y  exper iments  and e x p e r i e n c e  i n  d a t a  
r e d u c t i o n ,  a n a l y s i s  and i n t e r p r e t a t i o n .  Case s t u d i e s  o f  
demons t ra ted  a p p l i c a t i o n s  a r e  p r e s e n t e d ,  and p o t e n t i a l  u s e s  
a r e  examined. S t u d e n t s  conduc t  e x c e r c i s e s  i n  m i s s i o n  
p l a n n i n g  and s e l e c t i o n  o f  optimum s e n s o r  sys tems f o r  
s p e c i f i c  g e o l o g i c  t a r g e t s .  T h i s  c o u r s e  i s  c u r r e n t l y  b e i n g  
t a u g h t  f o r  t h e  second t i m e .  Combined e n r o l l m e n t  t o t a l s  15  
g r a d u a t e  s t u d e n t s .  
The t h i r d  c o u r s e  o f  t h e  series,  Seminar i n  Geologic  
Remote S e n s i n g ,  c o n s i s t s  of  group d i s c u s s i o n s a n d  i n d i v i d u a l  
s t u d e n t  p r e s e n t a t i o n s  on c u r r e n t  l i t e r a t u r e  and r e s e a r c h .  
Enro l lmen t  i n  t h e  seminar  t o  d a t e  h a s  t o t a l l e d  13  g r a d u a t e  
s t u d e n t s .  
GRADUATE STUDENT SUPPORT 
The Bonanza P r o j e c t  h a s  s u p p o r t e d  t h e  r e s e a r c h  o f  seven  
s t u d e n t s  working toward advanced d e g r e e s .  One M . S .  program 
h a s  been comple ted ,  one i s  i n  p r o g r e s s ,  and f o u r  Ph.D. pro-  
grams a r e  i n  p r o g r e s s .  
RESEARCH PROGRAM 
DATA COLLECTION 
A l l  d a t a  used i n  t h i s  p r o j e c t  were a c q u i r e d  by NASA 
a i r c r a f t ,  e i t h e r  f o r  t h e  Bonanza P r o j e c t  d i r e c t l y ,  o r  f o r  
o t h e r  i n v e s t i g a t o r s .  Those m i s s i o n s  f lown o v e r  t h e  Bonanza 
T e s t  S i t e  ( S i t e  185) i n c l u d e  a l l  o r  p a r t s  o f  Miss ions  101 ,  
105 ,  153,  168 ,  and 184.  Data  have been c o l l e c t e d  from each 
of  t h e  t h r e e  c u r r e n t  MSC a i r c r a f t ,  t h e  P3A, C130 and RB57. 
P h o t o g r a p h i c  coverage  i s  shown i n  F i g u r e  1, which i s  
a  composi te  o f  a l l  m i s s i o n s  t o  d a t e .  The q u a l i t y  of  t h i s  
photography r a n g e s  from poor  t o  e x c e l l e n t ,  b e i n g -  g e n e r a l l y  
good. 
Non-photographic d a t a  coverage  i s  shown i n  F i g u r e  2 .  
SLAR imagery ,  a c q u i r e d  o v e r  r e l a t i v e l y  l a r g e  a r e a s  f o r  
r e g i o n a l  g e o l o g i c  s t u d i e s ,  h a s  g e n e r a l l y  been o f  poor  q u a l i t y .  
F a i r  t o  e x c e l l e n t  t h e r m a l  i n f r a r e d  imagery ,  b o t h  day and 
n i g h t ,  was flown o v e r  s e l e c t e d  s m a l l e r  a r e a s ,  mos t ly  f o r  
l o c a l  s t r u c t u r a l  i n f o r m a t i o n .  L ine  d a t a ,  i n c l u d i n g  i n f r a r e d  
s p e c t r o m e t r y ,  m u l t i f r e q u e n c y  microwave rad iomet ry  and r a d a r  
s c a t t e r o m e t r y ,  were a c q u i r e d ,  b u t  have y i e l d e d  l i t t l e  g e o l o g i c  
i n f o r m a t i o n .  
DATA HANDLING 
Photo  i n t e r p r e t a t i o n  t e c h n i q u e s  (and a s s o c i a t e d  imagery 
i n t e r p r e t a t i o n  t e c h n i q u e s )  have  been t h e  main a n a l y s i s  t e c h -  
n i q u e s  used .  T h i s  emphasis  upon t h e  human i n t e r p r e t e r  ( a s  
opposed t o  a u t o m a t i c  p a t t e r n  r e c o g n i t i o n  t e c h n i q u e s )  e v o l v e s  
from t h r e e  c o n s i d e r a t i o n s  : 
1) Backqround o f  r e s e a r c h e r s .  With one e x c e p t i o n ,  a l l  
CSM p e r s o n n e l  a r e  g e o l o g i s t s ,  and a r e  c o n s e q u e n t l y  e x p e r i -  
enced i n  t h e  e x t r a c t i o n  o f  g e o l o g i c  i n f o r m a t i o n  from a e r i a l  
pho tographs ;  
2 )  Q u a l i t y  of d a t a  r e c e i v e d .  To d a t e ,  t h e  b e s t  d a t a  
-- 
r e c e i v e d  from NASA a i r c r a f t  m i s s i o n s  have been c o l o r  and 
c o l o r  i n f r a r e d  pho tographs .  O t h e r  ve ry  u s e f u l  d a t a  have 


































































































































































































































































































































































w h i l e  l i n e  d a t a  r e c e i v e d  s o  f a r  have  n o t  been  of  good q u a l -  
i t y ;  and 
3 )  A n t i c i p a t e d  u s e  o f  remote  s e n s o r  d a t a .  The t e c h -  
--
n i q u e s  b e i n g  r e s e a r c h e d  a t  CSM s h o u l d  b e  s u i t a b l e  f o r  t h e  
a v e r a g e  p r o f e s s i o n a l  g e o l o g i s t  i n  h i s  work ,  and t h u s  p r e -  
c l u d e  r e l i a n c e  on s o p h i s t i c a t e d  a n a l y t i c a l  i n s t r u m e n t s  
a v a i l a b l e  o n l y  i n  r e s e a r c h  l a b o r a t o r i e s .  
D e s p i t e  t h e  emphas is  p l a c e d  upon p h o t o  i n t e r p r e t a t i o n  
t e c h n i q u e s ,  o t h e r  d a t a  h a n d l i n g  methods a r e  b e i n g  i n v e s t i -  
g a t e d  as w e l l ,  i n c l u d i n g  o p t i c a l  and d i g i t a l  image enhance-  
men t ,  m u l t i b a n d  c o l o r  a d d i t i v e  p r o j e c t i o n ,  v i d e o  image 
p r o c e s s i n g ,  and computer  r e d u c t i o n  and a n a l y s i s  o f  i n f r a r e d  
s p e c t r o m e t r y .  More d e t a i l e d  a c c o u n t s  o f  t h e s e  i n t e r p r e t a -  
t i o n  t e c h n i q u e s  a r e  d i s c u s s e d  i n  t h e  companion p a p e r  i n  t h e s e  
P r o c e e d i n g s  by James Muhm. 
GEOLOGIC APPLICATIONS 
The r a t i o n a l e  f o r  u s i n g  remote  s e n s i n g  f o r  g e o l o g y ,  a s  
f o r  any  o t h e r  d i s c i p l i n e ,  i s  p r e d i c a t e d  on what  a r e ,  by now, 
f a m i l i a r  a rgumen t s .  S p e c i f i c a l l y ,  t h e  r e m o t e l y  s e n s e d  d a t a  
must p r o v i d e  e i t h e r :  
( a )  new i n f o r m a t i o n  n o t  o b t a i n a b l e  by o t h e r  means,  o r  
( b )  a r e d u c t i o n  i n  t i m e  ( c o s t )  n e c e s s a r y  t o  o b t a i n  
i n f o r m a t i o n .  
New g e o l o g i c  i n f o r m a t i o n  d e r i v e s  ma in ly  from t h e  syn-  
o p t i c  v iew a f f o r d e d  by remote  s e n s o r s .  T h i s  " f o r e s t  f o r  t h e  
t r e e s "  s i t u a t i o n  h a s  been  used  most  a d v a n t a g e o u s l y  i n  s t r u c t -  
u r a l  geo logy  s t u d i e s ,  where  d i s c o n t i n u o u s  s u r f a c e  e l e m e n t s  
a r e  found t o  d e f i n e  a  s i n g l e  g e o l o g i c  s t r u c t u r e .  Many such  
examples  have  been  d e m o n s t r a t e d ,  most  d r a m a t i c a l l y  by s p a c e  
pho tography .  
The r e d u c t i o n  i n  t i m e  n e c e s s a r y  t o  o b t a i n  g e o l o g i c  
i n f o r m a t i o n  i s  a l s o  a  r e c o g n i z e d  a d v a n t a g e  o f  remote  s e n s i n g ,  
a l t h o u g h  i t  h a s  n o t  been  d e m o n s t r a t e d  a s  w e l l .  The f o l l o w i n g  
example w i l l  g i v e  some i n d i c a t i o n  o f  t i m e - s a v i n g  c a p a b i l i t y .  
F i g u r e  3 shows an  a r e a  i n  C e n t r a l  Co lo rado  t h a t  h a s  n o t  
been  g e o l o g i c a l l y  mapped, though t h e  a d j a c e n t  a r e a s - t o  t h e  
n o r t h ,  w e s t  and s o u t h  have  benn comple t ed .  T h i s  a r e a ,  
105· 45 ' 
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Figure 3.- Index o f geologic field mapping 
north of Salida, Colo. 
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c o m p r i s i n g  a b o u t  two ,7$' t o p o g r a p h i c  q u a d r a n g l e s ,  i s  t y p i c a l  
o f  an  a r e a  t h a t  would b e  a s s i g n e d  t o  a  M.S. c a n d i d a t e  f o r  
a  Master 's t h e s i s ,  which would e n t a i l  a t  l e a s t  a  f u l l  summer 
o f  f i e l d  mapping. F i g u r e  4 i s  a  p h o t o - g e o l o g i c  map 'pro- 
duced by i n t e r p r e t a t i o n  o f  NASA pho tography ,  i n c l u d i n g  c o l o r ,  
c o l o r  i n f r a r e d  and low sun  a n g l e  pho tography  (LSAP).   his 
s t u d y  was comple t ed  by a  g r a d u a t e  s t u d e n t  on t h e  Bonanza 
P r o j e c t  i n  a p p r o x i m a t e l y  one  week. G e o l o g i c  d e t a i l  o f  t h i s  
map i s  comparable  t o  t h a t  o f  a d j a c e n t  g e o l o g i c  maps, and i t  
i s  e s t i m a t e d  t h a t  o n l y  a b o u t  two o r  t h r e e  weeks would b e  
r e q u i r e d  i n  t h e  f i e l d  t o  v e r i f y  i n t e r p r e t a t i o n s  and p roduce  
a  f i n i s h e d  g e o l o g i c  map. 
The o u t s t a n d i n g  a p p l i c a t i o n  o f  remote  s e n s i n g  t o  geo- 
l o g i c  i n v e s t i g a t i o n s  r ema ins  t h e  a b i l i t y  t o  p r o v i d e  t h e  
i n t e r p r e t e r  w i t h  b a s i c  g e o l o g i c  i n f o r m a t i o n - - t h a t  i s ,  t h e  
s u r f a c e  a s p e c t s  o f  l i t h o l o g y  and  g e o l o g i c  s t r u c t u r e .  Thus 
t h e  Bonanza P r o j e c t  r e s e a r c h  h a s  been  aimed p r i m a r i l y  a t  
i n v e s t i g a t i n g  t h e  c a p a b i l i t y  o f  remote  s e n s i n g  t o  
(1) d e l i n e a t e  g e o l o g i c  s t r u c t u r e ,  and 
d i s c r i m i n a t e  d i f f e r e n t  r o c k  t y p e s .  
The r e m a i n d e r  o f  t h i s  p a p e r  w i l l  s p e c i f i c a l l y  a d d r e s s  t h e s e  
two t o p i c s .  
G e o l o g i c  S t r u c t u r e  
The u t i l i t y  o f  s m a l l - s c a l e  a e r i a l  pho tography  h a s  
been  d e m o n s t r a t e d  many t i m e s .  I n  p a r t i c u l a r ,  s u c h  photo-  
g raphy  o f t e n  c o n t a i n s  abundan t  i n f o r m a t i o n  on l a r g e  r e g i o n a l  
g e o l o g i c  s t r u c t u r e s .  F i g u r e  5 d e m o n s t r a t e s  t h e  c l a r i t y  
w i t h  which 1 :100 ,000  s c a l e  pho tography ,  o b t a i n e d  from t h e  
NASA RE57  on Miss ion  1 0 1 ,  p o r t r a y s  one  r e g i o n a l  f a u l t .  The 
p h o t o  c o v e r s  t h e  San L u i s  V a l l e y  and t h e  w e s t  f l a n k  o f  t h e  
S a n g r e  d e  C r i s t o  Range, w i t h  t h e  "Sangre  d e  C r i s t o  F a u l t "  
s e p a r a t i n g  t h e  two. The e x i s t a n c e  o f  t h i s  f a u l t  h a s  l o n g  
been  p o s t u l a t e d ,  b u t  i t s  e x a c t  l o c a t i o n  and d e t a i l  have  been  
p o o r l y  u n d e r s t o o d  and t h e  o n l y  age  which c o u l d  b e  a s c r i b e d  
t o  t h e  f a u l t  was p o s t - O l i g o c e n e .  The s y n o p t i c  view a f f o r d e d  
by t h i s  pho tography  a l l o w s  t h e  i n t e r p r e t e r  t o  j o i n  t o g e t h e r  
d i s c o n t i n u o u s  l i n e a m e n t s  t o  s y n t h e s i z e  one  c o n t i n u o u s  f a u l t  
zone ,  and t h e  p h o t o s  c l e a r l y  show r e c e n t  movement a l o n g  some 
segmen t s .  T h i s  c o l o r  I R  p h o t o  h a s  a  s l i g h t  a d v a n t a g e  o v e r  
r e g u l a r  c o l o r  pho tography  b e c a u s e  p o r t i o n s  o f  t h e  f a u l t  
l i n e  t r a c e  a r e  marked by l i n e a r  s t a n d s  o f  a s p e n ,  which a r e  
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Although f a u l t  c o n t r o l  a l o n g  t h e  b a s e  o f  t h e  r a n g e  i s  
o b v i o u s  a c r o s s  t h e  p h o t o ,  i n d i c a t i o n s  o f  f a i r l y  r e c e n t  move- 
ment a l o n g  t h e  f a u l t  c a n  b e  s e e n  o n l y  i n  t h e  n o r t h e r n  p a r t .  
To t h e  immedia te  s o u t h  o f  t h e  p h o t o ,  s i m i l a r  i n d i c a t i o n s  o f  
r e c e n t  d i s p l a c e m e n t  a r e  a l s o  s e e n ,  b u t  t h e  s o u t h e r n  h a l f  o f  
F i g u r e  5 l a c k s  t h e s e  f e a t u r e s .  I n  an a t t e m p t  t o  l o c a t e  e v i d -  
e n c e  o f  r e c e n t  f a u l t i n g  i n  t h i s  anomalous a r e a ,  t h e r m a l  I R  
s c a n n e r  imagery  was f lown by t h e  NASA P3A on Miss ion  105 .  
I n t e r p r e t a t i o n  o f  t h e  I R  imagery  a l s o  f a i l e d  t o  d e t e c t  r e c e n t  
f a u l t i n g  a l o n g  t h e  b a s e  o f  t h e  r a n g e  i n  t h i s  a r e a ,  b u t  t h e  
imagery  - d i d  r e v e a l  a ser ies  o f  e n  e c h e l o n  f a u l t  s c a r p l e t s  
t r e n d i n g  away from t h e  m o u n t a i n 7  r o n t  ( F i g .  6 )  . C l e a r l y  
t h e n ,  r e c e n t  stress r e l e a s e  h a s  o c c u r r e d  a l l  a l o n g  t h e  
r a n g e ,  b u t  i n  t h i s  one  a r e a  t h e  f a u l t i n g  t r e n d e d  away from 
t h e  r a n g e  r a t h e r  t h a n  a l o n g  t h e  b a s e .  These  f a u l t s  d i s p l a c e  
a l l u v i a l  f a n s  o f  p r o b a b l e  l a t e  Wiscons in  a g e ,  and  a s  such  
a r e  p r o b a b l y  less t h a n  10 ,000  y e a r s  o l d .  The d e m o n s t r a t i o n  
o f  t h i s  s t y l e  o f  f a u l t i n g  h e r e  i s  s i g n i f i c a n t ,  i n  t h a t  it 
l e n d s  c r e d e n c e  t o  t h e  growing  argument  t h a t  t h e  modern San 
L u i s  V a l l e y  i s  t e c t o n i c a l l y  p a r t  o f  t h e  B a s i n  and  Range p ro -  
v i n c e ,  r a t h e r '  t h a n  t h e  t y p i c a l  Laramide Rocky Mounta ins .  
F i g u r e  7 i s  low sun-ang le  pho tography  (LSAP) a l o n g  t h e  
F r o n t  Range o f  C o l o r a d o ,  f lown a t  optimum t i m e  t o  enhance  
s u b t l e  t o p o g r a p h i c  v a r i a t i o n s .  G e o l o g i c  s t r u c t u r e  i s  
enhanced  where  s t r u c t u r e  i s  t h e  dominant  c o n t r o l  on topo-  
g r a p h y ,  a s  i s  t h e  case w i t h  t h e s e  hogbacks  ( i n  a r e a s  o f  non- 
s t r u c t u r a l  c o n t r o l  o f  t o p o g r a p h y ,  such  a s  t h e  u p p e r  p a r t  o f  
F i g .  7 ,  t h i s  pho tography  is  u s e f u l  f o r  geomorphic  s t u d i e s ) .  
The LSAP shown i n  F i g u r e  8 p o r t r a y s  some l a r g e  f a u l t s  t h a t  
were n o t  p r e v i o u s l y  known, even  though t h i s  a r e a  had a l r e a d y  
been  mapped by c o n v e n t i o n a l  t e c h n i q u e s ,  and p e r m i t s  t h e  
e x t e n s i o n  o f  f a u l t s  p r e v i o u s l y  mapped. B lack  and w h i t e  I R  
f i l m  (Type 2424) was used  w i t h  a  W r a t t e n  25 f i l t e r  f o r  t h i s  
p h o t o g r a p h y ,  b e c a u s e  (1) t h e  600-900 nm b a n d p a s s  a l l o w s  b e t t e r  
" p e n e t r a t i o n "  o f  e a r l y  morning h a z e ,  and  ( 2 )  t h e  t o p o g r a p h y  
i s  b e t t e r  enhanced  by t h e  s t r o n g  b l a c k  shadow a r e a s  t h a t  
r e s u l t  f rom t h e  l a c k  o f  s e n s i t i v i t y  t o  s h o r t  w a v e l e n g t h  
l i g h t .  
I n  an  a t t e m p t  t o  e v a l u a t e  more q u a n t i t a t i v e l y  t h e  bene-  
f i t  o f  remote  s e n s i n g  f o r  o b t a i n i n g  g e o l o g i c  s t r u c t u r a l  
i n f o r m a t i o n ,  two s m a l l  s t u d i e s  w e r e  c o n d u c t e d .  I n  t h e  f i r s t ,  
i n t e r p r e t a t i o n s  o f  c o n v e n t i o n a l  a e r i a l  p h o t o s  w e r e  compared 
w i t h  i n t e r p r e t a t i o n s  o f  NASA d a t a  f rom M i s s i o n  1 0 5  ( F i g .  9 
shows e a c h  o f  t h e  r e s u l t i n g  m a p s ) .  The d r a m a t i c  i n c r e a s e  i n  

























































































































































































































































































Figure g .- Low sun-angle hotograph near Salida, Colo. 
Ty pe 24 24 film with W25 filter. Sun angle 20 0 . (pC, 
Prec ambrian; LP, lower Paleozoic sedimentary r.ocks; 
PP, Permo-Penn sediment ary rocks; Tdu, Dry Union Fm; 
Qf, fan.) 
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A. Structural interpret ation from 
Forest Service B/W photos, 1954. 
(1: 20,000) 
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B. Structural interpretation from 
MX 105 color photos (1: 16,000). 
Figure 9.- Compar i son of photo-geologic maps f rom di ffe r e nt 
typ,= s o f photos. 
that not only is more detail availab le (16 faults vs . 2 
faul ts ), but the information is more accurate, since the 
original interpretation was late r proved erroneous . In 
thi s and nearby areas , i n terpretation of NASA photos 
de lineated 26 faults . Subsequent field checkiug showed 
8 o f the s e t o be definite faults (all of t he maj o r ones) , 
13 to be geo l ogi c discontinuities of some s o rt (not deter-
minab l e in the field--either fau l ts o r fractu r e s), a nd 5 
were non-geoLogic phenome n a ( fencelines, trai ls, etc.). 
Thus, r o ughly 80 % o f the pho to lineaments proved to have 
geologic sign ificance and 20% W0 re erroneous. 
I n a somewhat similar s tudy in the Bonanza Mining 
District, Mi s sion 10 5 data were interpreted for s tructural 
information in a complex vo lcan ic area . These d ata i ncluded 
color and color IR photography and RS-14 thermal in fra1 ~d 
imagery. The resulting interpretation map contained 63 
f a u l t s .  Subsequen t  f i e l d  mapping proved 44 o f  t h e s e  t o  b e  
f a u l t s  ( a g a i n ,  a l l  o f  t h e  ma jo r  f a u l t s  had been  d e t e c t e d ) ,  
14 t o  b e  non-geo log ic ,  and t h e  s i g n i f i c a n c e  o f  5  c o u l d  n o t  
b e  d e t e r m i n e d  i n  t h e  f i e l d .  These  f i g u r e s  t r a n s l a t e  i n t o  
a b o u t  75% c o r r e c t  and 25% i n c o r r e c t .  
The c o n c l u s i o n s  from t h e s e  two s t u d i e s  a r e  (1) new 
g e o l o g i c  s t r u c t u r a l  i n f o r m a t i o n  i s  a v a i l a b l e  from remote  
s e n s i n g  d a t a  ( 2 )  g r e a t e r  a c c u r a c y  r e s u l t s  from u s i n g  remote  
s e n s i n g  d a t a  ( 3 )  a l l  ma jo r  s t r u c t u r a l  f e a t u r e s  were d e t e c t e d ,  
( 4 )  o f  a l l  s t r u c t u r a l  d a t a  o b t a i n e d ,  a b o u t  75% were c o r r e c t l y  
i d e n t i f i e d ,  and  ( 5 )  i n t e r p r e t a t i o n  o f  remote  s e n s i n g  d a t a  
w i l l  n o t  s u p p l a n t  f i e l d  work, b u t  it e n a b l e s  f i e l d  work t o  
b e  done more e f f i c i e n t l y .  
ROCK DISCRIMINATION 
The a b i l i t y  t o  d i s c r i m i n a t e  d i f f e r e n t  rock  t y p e s  on 
remote  s e n s o r  photography and imagery h a s  s o  f a r  proved t o  
b e  o n e  o f  o u r  most  d i f f i c u l t  t a s k s , . y e t  one  which i s  p a t e n t l y  
fundamenta l  t o  any g e o l o g i c  a p p l i c a t i o n .  The o b v i o u s  c h o i c e  
o f  s e n s o r s  f o r  t h i s  t a s k ,  h i g h  q u a l i t y  c o l o r  pho tography ,  
h a s ,  o f  c o u r s e ,  y i e l d e d  t h e  b e s t  r e s u l t s  t o  d a t e ,  and most  
l i k e l y  w i l l  c o n t i n u e  t o  do s o .  T h e r e  i s  no  need  t o  bu rden  
t h e  r e a d e r  w i t h  y e t  a n o t h e r  example o f  c o l o r  v s .  b l a c k  and 
w h i t e  pho tography ,  s i n c e  t h e  a d v a n t a g e s  o f  t h e  former  have 
been  amply d e m o n s t r a t e d .  T h a t  i s  n o t  t o  s a y ,  however,  t h a t  
c o l o r  pho tography  i s  t h e  b e s t  t o o l  a v a i l a b l e  i n  a l l  c a s e s ,  
and w e  a r e  p u r s u i n g  o t h e r  t e c h n i q u e s  a s  w e l l .  
Al though m u l t i b a n d  pho tography  h a s  been  used and i n t e r -  
p r e t e d  i n  o u r  work f o r  some t i m e  now, it h a s  o n l y  been i n  
t h e  p a s t  y e a r  t h a t  r e s e a r c h  h a s  been  d i r e c t e d  toward  funda-  
m e n t a l  r o c k  r e f l e c t a n c e  s t u d i e s  and m a c h i n e - a s s i s t e d  d a t a  
i n t e r p r e t a t i o n .  G e o l o g i s t s  f rom CSM and a t m o s p h e r i c  
s c i e n t i s t s  f rom MMC have been working  t o g e t h e r  i n  t h e  f i e l d  
i n  a n  a t t e m p t  t o  overcome problems o f  s u r f a c e  i r r a d i a n c e  
f l u c t u a t i o n s  due  t o  a t m o s p h e r i c  v a r i a b l e s ,  and t h u s  t o  o b t a i n  
b a s i c  r e f l e c t a n c e  s p e c t r a  o f  r o c k s  on t h e  o u t c r o p .  F i g u r e  
10 shows r e p r e s e n t a t i v e  s p e c t r a ,  i n  t h i s  c a s e  f o r  t h r e e  
d i f f e r e n t  f o r m a t i o n s  t h a t  a r e  d i f f i c u l t  o r  i m p o s s i b l e  t o  
d i s c r i m i n a t e  on b l a c k  and w h i t e  o r  c o l o r  pho tography .  
Q u a t e r n a r y  g r a v e l s  (Qg) n o r m a l l y  are i m p o s s i b l e  t o  d i s t i n -  
g u i s h  from P i e r r e  S h a l e  ( K p ) ,  and t h e  N i o b r a r a  Format ion  
s h a l e s  (Kn) are d i f f i c u l t  t o  s e p a r a t e  from t h e  o t h e r  two. 
A s i m p l e ,  b u t  e f f e c t i v e ,  f i l m / f i l t e r  combina t ion  which 
































































































































































t h e  t h r e e  rock  t y p e s .  F i g u r e  11 i s  a  r e p r o d u c t i o n  of  such 
a  p h o t o ,  a c q u i r e d  d u r i n g  Miss ion  168 w i t h  t h e  KA62 camera 
and Type 2424 f i l m  w i t h  a  Wrat ten  9 2  f i l t e r ;  d i s c r i m i n a t i o n  
o f  t h e  t h r e e  f o r m a t i o n s  i s  a p p a r e n t .  
S i m i l a r  s t u d i e s  have been i n i t i a t e d  t o  d e t e r m i n e  t h e  
a b i l i t y  o f  t h e r m a l  i n f r a r e d  s c a n n e r s  t o  d i s c r i m i n a t e  rock 
t y p e s .  E f f o r t s  t o  d a t e  have been c o n c e n t r a t e d  on s t u d y i n g  
t h e  b a s i c  r o c k  p r o p e r t i e s  which a f f e c t  t h e i r  r a d i o m e t r i c  
t e m p e r a t u r e s .  Miss ion  168 imagery a l o n g  t h e  F r o n t  Range.  
h a s  p rov ided  encourag ing  r e s u l t s ,  b u t  t h e  i n s t r u m e n t  cap- 
a b i l i t y  r emains  t o  be  d e f i n e d  and c o n c l u s i o n s  would be  
p remature .  
Q u a n t i t a t i v e  e v a l u a t i o n  o f  remote s e n s i n g  c a p a b i l i t y  
f o r  rock d i s c r i m i n a t i o n  i s  v e r y  d i f f i c u l t .  Conc lus ive  
s t u d i e s  have  n o t  been conduc ted ,  b u t  one s m a l l  s t u d y  may 
$ prove  i n f o r m a t i v e .  A t e s t  a r e a  was s e l e c t e d  n e a r  t h e  
Bonanza Mining D i s t r i c t  f o r  l i t h o l o g i c  i n t e r p r e t a t i o n  o f  
c o l o r  and c o l o r  i n f r a r e d  photography and t h e r m a l  s c a n n e r  
imagery.  With in  t h i s  t e s t  a r e a ,  78 faul t -bounded a r e a s  were 
i n t e r p r e t e d ,  and one o f  s i x  l i t h o l o g i c  d e s i g n a t i o n s  was 
a s s i g n e d  t o  each of  t h e  a r e a s .  Subsequent  f i e l d  mapping 
p rov ided  ground c o n t r o l  w i t h  t h e  r e s u l t  t h a t  62% o f  t h e  
a r e a s  had been a s s i g n e d  t h e  p r o p e r  l i t h o l o g y  and 38% were 
i n c o r r e c t .  These f i g u r e s  a r e  most encourag ing ,  when con- 
s i d e r a t i o n  i s  g i v e n  t o  t h e  complex geology o f  t h e  a r e a ;  
a l l  o f  t h e  r o c k s  i n  q u e s t i o n  a r e  T e r t i a r y  v o l c a n i c  r o c k s ,  
c o n s i s t i n g  o f  l a v a  f l o w s ,  a s h  f lows and l a h a r i c  b r e c c i a s ,  
a'nd a l l  a r e  r a t h e r  d r a b  a p p e a r i n g ,  e x h i b i t i n g  o n l y  t h e  most 
s u b t l e  d i f f e r e n c e s  i n  c o l o r .  
To d a t e ,  most o f  o u r  r e s e a r c h ,  l i k e  most of  t h e  remote 
s e n s i n g  r e s e a r c h  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  h a s  been l a r g e l y  
d e d u c t i v e .  R e c e n t l y ,  however,  w e  have f e l t  t h e  need f o r  more 
emphasis  upon an i n d u c t i v e  approach t o  d e f i n i n g  t h e  cap- 
a b i l i t y  o f  remote s e n s i n g  f o r  r o c k  d i s c r i m i n a t i o n .  I n  o t h e r  
words ,  i s  it even r e a l i s t i c  t o  a t t e m p t  t o  d i s c r i m i n a t e  
g r a n i t e ,  f o r  example,  from l i m e s t o n e  by u s i n g  an  i n f r a r e d  
s c a n n e r ?  Fundamental ly t h e n ,  w e  a r e  i n  p a r t  r e t u r n i n g  t o  
S t e p  1 o f  g e o l o g i c  remote s e n s i n g ,  where o u r  i n i t i a l  r e s i d -  
ence  t i m e  was o b v i o u s l y  t o o  b r i e f .  B a s i c a l l y ,  w e  a r e  examin- 
i n g  t h e  f o l l o w i n g  q u e s t i o n s :  
(1) What p h y s i c a l  and chemica l  d i f f e r e n c e s  
e x i s t  between d i f f e r e n t  r o c k s ?  
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Figure 11.- One frame from KA62 multiband cam-
era cluster. Type 2424 film with W92 filter 
(effect ive passband 620-900 nm). Kn, Niobrara 
Fm. shale; Kp, Pierre Shale; Qg, Quaternary 
gravels. Compare with Fig. 10. 
( 2 )  Which of  t h e s e  p r o p e r t i e s  p r o v i d e  s u f f i c i e n t  
c o n t r a s t  t o  d i s t i n g u i s h  t h e  r o c k s ?  
( 3 )  Which of  t h e s e  p r o p e r t i e s  a r e  c a p a b l e  o f  
b e i n g  remote ly  sensed?  And t h e n  l o g i c a l l y ,  
( 4 )  How can we b e s t  use  remote s e n s o r s  t o  d o  
t h e  job? 
Our i n i t i a l  approach h a s  been t o  examine t h e s e  q u e s t i o n s  
i n  t e r m s  of  s p e c i f i c s ,  r a t h e r  t h a n  g e n e r a l i t i e s .  Consequent ly ,  
w e  have d e f i n e d  an a r e a  o f  s t u d y  ( t e s t  s i t e ,  i f  you w i l l )  
a l o n g  t h e  F r o n t  Range f o r  t h i s  purpose ,  an a r e a  which i n c l u d e s  
a t  l e a s t  1 8  d i f f e r e n t  g e o l o g i c  f o r m a t i o n s .  The f o l l o w i n g  
p rocedure  evo lved :  
A .  L i s t  b a s i c  p r o p e r t i e s :  A l l  rock  p r o p e r t i e s  were 
l i s t e d .  Any b a s i c  rock pa ramete r  which c o u l d  b e  d e s c r i b e d  
o r  measured-was i n c l u d e d -  i n  t h e  l i s t ,  r e g a r d l e s s  o f  any o t h e r  
c o n s i d e r a t i o n .  31 p a r a m e t e r s  were l i s t e d .  
B.  Format ion/Proper ty  Mat r ix :  A m a t r i x  was formed i n  
which a l l  o f  t h e  p a r a m e t e r s  from A cou ld  be  l i s t e d  f o r  each  
o f  t h e  18  f o r m a t i o n s .  Each o f  t h e  s p a c e s  i n  t h i s  18 x 31 
m a t r i x  were t h e n  f i l l e d  i n  (where p o s s i b l e )  w i t h  q u a l i t a t i v e  
d e s c r i p t o r s  (Tab le  1 i s  o n l y  a  p o r t i o n  of t h i s  m a t r i x ) .  
Tab le  1 
ROCK PROP FORMAT I O N  
DENSITY 
C.  S e l e c t  p romis inq  p a r a m e t e r s :  Examina t ion  o f  t h e  
m a t r i x  f o c u s e d  a t t e n t i o n  upon t h o s e  p a r a m e t e r s  which q u a l i -  
t a t i v e l y  showed p romise  o f  h a v i n g  t h e  most  c o n t r a s t  between 
a d j a c e n t  f o r m a t i o n s .  
D. Q u a n t i f i c a t i o n :  A t t e m p t s  were made t o  q u a n t i f y  
t h o s e  p a r a m e t e r s  s e l e c t e d  i n  C .  Emphasis  was p l a c e d  upon 
methods e a s y  t o  employ i n  t h e  f i e l d  w i t h o u t  s p e c i a l i z e d  
equ ipmen t ;  f o r  example ,  c o l o r  measurements  were made u s i n g  
GSA Rock C o l o r  C h a r t s ,  and  " a l b e d o "  ( v i s i b l e  r e f l e c t a n c e )  
was measured w i t h  common l i g h t  meters and s t a n d a r d  r e f l e c -  
t a n c e  c a r d s .  An example o f  t h e  r e s u l t i n g  q u a n t i t a t i v e  m a t r i x  
i s  i n c l u d e d  i n  T a b l e  2 .  
T a b l e  2 
ROCK PROPERTY - FORMATION 
E .  S e l e c t  u s e f u l  p a r a m e t e r s :  Based upon t h e  q u a n t i -  
t a t i v e  v a l u e s  d e t e r m i n e d  i n  D ,  t h e  p a r a m e t e r s  found  c o n s i s -  
t e n t l y  most  u s e f u l  f o r  d i s c r i m i n a t i o n  were d e f i n e d .  F o r  
t h e  f o r m a t i o n s  i n  t h e  a r e a  o f  s t u d y ,  t h e  f o u r  most  u s e f u l  
p a r a m e t e r s  a r e  l i s t e d  i n  T a b l e  3. 
T a b l e  3 
MOST USEFUL 
GEOLOGIC CHARACTERISTICS 
@ 31 PARAMETERS INVESTIGATED 
10 PARAMETERS PROBABLY USEFUL 
4 PARAMETERS MOST USEFUL 
1. TOPOGRAPHIC LANDFORM 
2 ,  COLOR 
3 .  ALBEDO 
4 .  SURFACE TEMPERATURE 
F. D e f i n e  c o n t r a s t s  r e q u i r e d :  An a t t e m p t  w a s  made 
t o  d e f i n e  t h o s e  c o n t r a s t s  between p a r a m e t e r s  which a r e  cap-  
a b l e  o f  b e i n g  r e m o t e l y  s e n s e d .  The approach  h e r e  w a s  
e m p i r i c a l - - t h a t  i s ,  r a t h e r  t h a n  s i m p l y  c h e c k i n g  m a n u f a c t u r e r s '  
i n s t r u m e n t  s p e c i f i c a t i o n s  (which g e n e r a l l y  a p p l y  t o  l a b o r a -  
t o r y ,  o r  a t  l e a s t  optimum c o n d i t i o n s ) ,  s t u d i e s  w e r e  conduc ted  
on t y p i c a l  NASA a i r c r a f t - a c q u i r e d  d a t a  t o  e s t i m a t e  what  con- 
t r a s t s  have  a c t u a l l y  been  d e t e c t e d .  Some o f  t h e s e  e s t i m a t e s  
a r e  l i s t e d  i n  T a b l e  4 .  
T a b l e  4 
EMPIRICAL DETERMINATION OF 
SENSOR DISCRIMINATION CAPABILITY 
PAN FILM 15-20% a l b e d o  c o n t r a s t  
COLOR FILM Value - 1 . 2  
Chroma - 0 . 8  
G .  S e l e c t  remote s e n s o r t s )  : The n e x t  l o g i c a l  s t e p  
t h e n  was t o  c r o s s - c o r r e l a t e  t h e  m a t r i c e s  o f  p a r a m e t e r  
c o n t r a s t  and s e n s o r  c a p a b i l i t y  i n  o r d e r  t o  select  t h e  optimum 
remote s e n s o r ( s 1  which o f f e r e d  t h e  g r e a t e s t  p r o b a b i l i t y  of  
s u c c e s s  i n  d i s c r i m i n a t i n g  t h e  r o c k s .  
S i x  d i f f e r e n t  i n v e s t i g a t o r s  fo l lowed  t h e  above pro-  
c e d u r e s ,  each  one working i n d e p e n d e n t l y  w i t h  d i f f e r e n t .  geo- 
l o g i c  f o r m a t i o n s  w i t h i n  t h e  t e s t  s i t e .  T h e i r  c o n c l u s i o n s  
a r e  shown i n  T a b l e  5 .  I t  shou ld  be  s t r e s s e d  t h a t  t h e s e  
recommendations a p p l y  t o  t h e s e  s p e c i f i c  f o r m a t i o n s  i n  t h i s  
s p e c i f i c .  t e s t  s i t e .  There  i s  ample b i a s  i n  t h i s  i n i t i a l  
s t u d y  t o  p r e c l u d e  e x t r a p o l a t i o n  i n t o  o t h e r  a r e a s ;  nonethe-  
less,  t h e  r e s u l t s  a r e  i n f o r m a t i v e .  
T a b l e  5 
C=color  pho tography ,  CIR=color  i n f r a r e d  
pho tography ,  B/W=black and w h i t e  photo-  
g raphy ,  MB=multiband photography,  8 I R =  
t h e r m a l  i n f r a r e d  imagery.  
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ABSTRACT 
The A p p l i c a t i o n s  a r e a  of t h e  Texas A&M U n i v e r s i t y  Remote Sens ing  
Program c o n s i s t s  of a  s e r i e s  of c o a c t i v e  p r o j e c t s  w i t h  NASA/MSC per -  
s o n n e l .  The c l o s e  working r e l a t i o n s h i p s  developed between t h e  Texas 
A&M U n i v e r s i t y  a p p l i c a t i o n s  s p e c i a l i s t s  h a s  proven t h i s  t o  be a n  eco-  
nomic and e f f i c i e n t  approach l e a d i n g  t o  p e r t i n e n t  r e s e a r c h  r e s u l t s .  
The s u c c e s s  of t h i s  program i s  w e l l  i l l u s t r a t e d  by t h e  Virus-Host Model 
Study and t h e  Houston S h i p  Channel Water Q u a l i t y  S t u d i e s  which were  
i n i t i a t e d  d u r i n g  t h e  l a s t  y e a r .  I n  each c a s e ,  t h e  Remote Sens ing  Cente r  
has  s e r v e d  t o  complement and enhance t h e  r e s e a r c h  c a p a b i l i t y  w i t h i n  t h e  
Manned S p a c e c r a f t  Cen te r .  
I n  a d d i t i o n  t o  t h e  A p p l i c a t i o n s  s t u d y  a r e a ,  t h e  Texas A&M Univer- 
s i t y  program i n c l u d e s  c o o r d i n a t e d  p r o j e c t s  i n  Sensors  and Data A n a l y s i s .  
Under t h e  s e n s o r s  a r e a ,  a n  e x t e n s i v e  e x p e r i m e n t a l  s t u d y  of microwave 
rad iomet ry  f o r  s o i l  m o i s t u r e  d e t e r m i n a t i o n  e s t a b l i s h e d  t h e  e f f e c t  of 
s o i l  m o i s t u r e  on t h e  measured b r i g h t n e s s  t empera tu re  f o r  s e v e r a l  d i f -  
f e r e n t  s o i l  t y p e s .  The Data A n a l y s i s  a r e a  inc luded  a  p r o j e c t  which 
ERTS-A and Skylab d a t a  were  s i m u l a t e d  u s i n g  a i r c r a f t  m u l t i s p e c t r a l  scan-  
n e r  measurements a t  two a l t i t u d e s .  Th i s  e f f o r t  r e s u l t e d  i n  development 
of a  l i b r a r y  of computer programs which p rov ides  a n  o p e r a t i o n a l  capa- 
b i l i t y  i n  c l a s s i f i c a t i o n  a n a l y s i s  o f  m u l t i s p e c t r a l  d a t a .  
The l e v e l  i n  d i v e r s i t y  o f  t h e  o v e r a l l  program has  l e d  t o  t h e  
fo rmat ion  of s e v e r a l  fo rmal  l a b o r a t o r y  groups ,  each headed by e x p e r i -  
enced p r o f e s s i o n a l s .  These groups  r e p r e s e n t  a  wide range  of d i s c i p -  
l i n e s  s e l e c t e d  t o  d i r e c t l y  s u p p o r t  t h e  NASA/MSC HATS and r e l a t e d  a c t i v -  
i t y .  
INTRODUCTION 
The Remote Sens ing  Cente r  a t  Texas A&M U n i v e r s i t y  i s  a  consor t ium 
of f o u r  c o l l e g e s :  A g r i c u l t u r e ,  Eng ineer ing ,  Geosciences  and Sc ience .  
We a r e  a n  i n t e g r a l  p a r t  of t h e  U n i v e r s i t y  r e s e a r c h  program and conse-  
q u e n t l y  we a r e  a b l e  t o  employ a lmos t  t h e  f u l l  r ange  of r e s e a r c h  f a c i l i -  
t i e s  a v a i l a b l e  on our  campus; i n c l u d i n g  equipment,  l a b o r a t o r i e s ,  s h i p s ,  
..-- 
a i r c r a f t ,  and a g r i c u l t u r a l  exper iment  s t a t i o n s .  More i m p o r t a n t l y ,  t h e  
Cen te r  is s t r u c t u r e d  t o  e n a b l e  i t  t o  e f f e c t i v e l y  employ t h e  o u t s t a n d i n g  
f a c u l t y  of t h e  p a r t i c i p a t i n g  c o l l e g e s ,  who a r e  e s p e c i a y l y  s t r o n g  i n  
a p p l i c a t i o n  r e s e a r c h .  
The main s t r u c t u r e  of t h e  Cen te r  which s e r v e s  t o  c o o r d i n a t e  a l l  
remote s e n s i n g  r e s e a r c h  a t  TAMU, c o n s i s t s  o f  e i g h t  working groups 
( f i g u r e  1 ) .  The s u s t a i n i n g  U n i v e r s i t y  program prov ides  t h e  f o u n d a t i o n  
f o r  t h i s  o r g a n i z a t i o n  and t h e  s e l e c t i o n  o f  t h e s e  p a r t i c u l a r  groups  was 
d i c t a t e d  f o r  t h e  most p a r t  by t h e  o b j e c t i v e s  of our  NASA Grant  program. 
However, most o f  t h e s e  groups have a d d i t i o n a l  c o n t r a c t  suppor t .  
The NASA Grant  program c o n s i s t s  of a ba lance  between techn iques  
and a p p l i c a t i o n s  ( f i g u r e  2).  Although we s t i l l  have a s t r o n g  i n t e r e s t  
i n  microwave s e n s o r s ,  t h e  more r e c e n t  a c t i v i t y  i n  development of com- 
p u t e r  so f tward  f o r  m u l t i s p e c t r a l  a n a l y s i s  and i n  a p p l i c a t i o n s  r e s e a r c h  
are now be ing  s t r e s s e d  under t h e  NASA sponsorsh ip .  
PROJECTS 
Under t h e  Sensors  a r e a ,  we a r e  i n v e s t i g a t i n g  a new i d e a  which is  
based upon t h e  behav ior  o f  t h e  d e p o l a r i z e d  e l e c t r o m a g n e t i c  b a c k s c a t t e r  
( f i g u r e  3 ) .  The t h e o r e t i c a l  work, p r e s e n t e d  a t  t h e  URSI meet ings  a t  
UCLA t h i s  f a l l ,  i n d i c a t e s  t h a t  n e a r  s u r f a c e  v o l u m e t r i c  p r o p e r t i e s  domi- 
n a t e  t h e  d e p o l a r i z e d  component. A  v i v i d  i l l u s t r a t i o n  i s  shown i n  t h i s  
r a d a r  image o f  the '  P i sgah  C r a t e r  a r e a  ( f i g u r e  4)  i n  which t h e  volume 
s c a t t e r  p r o p e r t i e s  o f  t h e  l a v a  flow prov ide  a s h a r p  c o n t r a s t  i n  t h e  de-  
p o l a r i z e d  ,image which i s  n o t  e v i d e n t  i n  t h e  l i k e - p o l a r i z e d  image. 
I n  t h e  a n a l y t i c a l  model d e s c r i b i n g  t h e s e  e f f e c t s  i t  can be s e e n  
( f i g u r e  5)  t h a t  whereas t h e  l i k e - p o l a r i z e d  term i s  v e r y  s e n s i t i v e  t o  
t h e  d i e l e c t r i c  c o n s t a n t  of t h e  t e r r a i n ,  t h e  c r o s s - t e r m  i s  r e l a t i v e  i n -  
s e n s i t i v e .  However, i n . t h e  n e x t  graph ( f i g u r e  6 ) ,  i t  i s  s e e n  t h a t  t h e  
volume r e f l e c t i o n  c o e f f i c i e n t  g r e a t l y  e f f e c t s  t h i s  d e p o l a r i z e d  component, 
b u t  does  n o t  a p p r e c i a t i v e l y  a l t e r  t h e  l ike - te rm.  These c h a r a c t e r i s t i c s  
have been v e r i f i e d  i n  independent exper iments ,  and we a r e  p r e s e n t l y  de-  
v e l o p i n g  a  l a s e r  s e n s o r  t o  u t i l i z e  t h i s  e f f e c t  i n  measur ing water t u r -  
b i d i t y  and s u r f a c e  p o l l u t a n t s .  W e  a r e  a l s o  p r e p a r i n g  t o  assemble  a 
r a d a r  sys tem t o  u t i l i z e  t h e  e f f e c t .  
Our work on r a d a r  r e t u r n f r o m  A r c t i c  i c e  u s i n g  NASAIMSC d a t a  from 
Miss ion 47 and 126 has  l e d  t o  development of a  model which p r e d i c t s  t h e  
b a c k s c a t t e r  from a v a r i e t y  o f  i c e  types  w i t h  a r e a s o n a b l e  d e g r e e  of 
r e l i a b i l i t y  ( f i g u r e  7).  Recent work w i t h  Miss ion  126 d a t a  has  suppor ted  
e a r l i e r  f i n d i n g s  u s i n g  Miss ion 47 d a t a  ( f i g u r e  8) and conf i rms t h e  i c e  
t y p e  i d e n t i f i c a t i o n  p o t e n t i a l .  
The d a t a  i n d i c a t e s  t h a t  t h e  d i e l e c t r i c  c o n s t a n t  of r e l a t i v e l y  new 
i c e  i s  an  agreement w i t h  t h e  waveguide measurements of CRREL, bu t  t h a t  
t h e  e f f e c t i v e  d i e l e c t r i c  c o n s t a n t  of m u l t i - y e a r  i c e  i s  much h i g h e r  t h a n  
p r e d i c t e d  ( f i g u r e  9) .  Th i s  i n d i c a t e s  t h e  need f o r  reexamina t ion  o f  t h e  
p h y s i c a l  s e a  i c e  model. 
A p r o j e c t  which has  r e c e i v e d  s p e c i a l  emphasis under  t h e  NASA pro-  
gram d u r i n g  t h e  l a s t  y e a r  is t h e  s t u d y  o f  microwave rad iomet ry  f o r  s o i l  
m o i s t u r e  d e t e r m i n a t i o n  ( f i g u r e  1 0 ) .  L ike  most of our  Sensor  s t u d i e s ,  
an  a n a l y t i c a l  model i s  used a s  a  r e f e r e n c e  sys tem f o r  t h e  i n v e s t i g a t i o n .  
V e r i f i c a t i o n  o f  t h e  model r e q u i r e d  i n f o r m a t i o n  abou t  t h e  s o u r c e ,  meas- 
urements under  h i g h l y  c o n t r o l l e d  c o n d i t i o n s ,  and f i n a l l y  a i r b o r n e  d a t a .  
S o i l  samples were  c o l l e c t e d  a t  each of seven  s i t e s  i n  Texas 
( f i g u r e  11) f o r  waveguide measurements of t h e i r  complex d i e l e c t r i c  con- 
s t a n t  ( f i g u r e  12) .  The s i t e s  were  s e l e c t e d  i n  s u p p o r t  o f  our  Skylab 
p r o p o s a l  f o r  u s e  of t h e  microwave d a t a .  The d i e l e c t r i c  c o n s t a n t  d a t a  
showed t h a t  i n  g e n e r a l  sandy s o i l s  were  more s e n s i t i v e  t o  m o i s t u r e  v a r i -  
a t i o n s  t h a n  c l a y  s o i l s  ( f i g u r e  1 3 ) .  I n  a d d i t i o n  i t  was found t h a t  t h e  
a b s o r p t i o n  p rocess  i n  c l a y  s o i l s  i s  such t h a t  t h e  d i e l e c t r i c  c o n s t a n t  
change w i t h  t h e  l e n g t h  of t ime a f t e r  m o i s t u r e  was a p p l i e d  ( f i g u r e  14).  
Also  wet  c l a y  s o i l s  were  v e r y  s e n s i t i v e  t o  compaction,  whereas ,  sandy 
s o i l s  were  r e l a t i v e  i n s e n s i t i v e  t o  a b s o r p t i o n  o r  compaction.  . A d e t a i l e d  
knowledge of t h e  c h a r a c t e r i s t i c s  of t h e  s o i l s  is  impor tan t  i n  a n a l y s i s  
of microwave emiss ion  from t e r r a i n  because  t h e  c o n t r i b u t i o n  o f  t h e  
normal sky t empera tu re  term i s  low-much lower t h a n  f o r  w a t e r  measure- 
ments,  f o r  example. 
The a i r b o r n e  measurements o b t a i n e d  by ~ A ~ A / ~ o d d a r d  i n i c a t e d  i n  
s o i l  m o i s t u r e  dependence o f  approx imate ly  1 . 5 ' ~ / 1 %  s o i l  m o i s t u r e  which 
i s  i n  e x c e l l e n t  agreement w i t h  b o t h  t h e  a n a l y t i c a l  model and t h e  ground- 
based tower measurements ( f i g u r e  15).  However, t h e  v a r i a n c e  o f  t h e  d a t a  
was such t h a t  t h e  r e s u l t s  i n d i c a t e s  t h a t  t h e  p r e s e n t  sys tem c a p a b i l i t y  
f o r  measurement of s o i l  m o i s t u r e  u s i n g  a i r b o r n e  microwave r a d i o m e t e r s  
i s  no b e t t e r  t h a n  10-15% s o i l  m o i s t u r e ,  t h a t  i s ,  we b e l i e v e  t h a t  con- 
s i d e r a b l y  more work i s  needed b e f o r e  rad iomet ry  can be shown t o  be a 
p r a c t i c a l  s e n s o r  f o r  s o i l  m o i s t u r e  d e l i n e a t i o n .  . . . . 7.: 
, . 
- . i  
, - 
The Data  A n a l y s i s  group a c t i v i t i e s  ( f i g u r e  16)  are devoted t o  de -  :. 
v e l o p i n g  a  c a p a b i l i t y  w i t h i n  t h e  Cen te r  f o r  e f f e c t i v e  u s e  o f  t h e  com- 
p u t e r  i n  s t a t i s t i c a l  d a t a  a n a l y s i s .  
The p r o d u c t s  of t h i s  e f f o r t  i n c l u d e  what we c a l l  p r o d u c t i o n  pro-  
grams ( f i g u r e  17) t h a t  e s p e c i a l l y  f a c i l i t a t e  r e d u c t i o n  of microwave 
, .. 
d a t a .  These programs permit  t h e  a u t o m a t i c  r e d u c t i o n  of a  l a r g e  volume 
of d a t a ,  f o r  example a n  e n t i r e  l i n e  of r a d a r  s c a t t e r o m e t r y  d a t a ,  t o  a  
form which i s  compat ib le  w i t h  our  s t a n d a r d  a n a l y s i s  t echn iques .  
We have a l s o  developed t h e  s o f t w a r e  f o r  m u l t i s p e c t r a , l , a n a l y s i s  
u s i n g  each of s e v e r a l  s t a t i s t i c a l  methods ( f i g u r e  1 8 ) .  
The s t r o n g  p o i n t  o f  t h i s  a c t i v i t y  is  t h e  e x c e l l e n t  computer f a c i l -  
i t y  a t  TAMU which is  l o c a t e d  i n  t h e  same b u i l d i n g  a s  t h e  Remote Sens ing  
Center .  A s  you can  s e e  ( f i g u r e  1 9 ) ,  t h e  machine has  a n  expanded capa- 
b i l i t y ,  b u t  more impor tan t  i s  t h e  low c o s t  and u n u s u a l l y  good a v a i l a -  
b i l i t y  o f  t h e  equipment.  The a v e r a g e  turnaround t ime on jobs i s  j u s t  
15 minu tes ,  which is e x c e p t i o n a l  f o r  a  un ivers i ty -awned  f a c i l i t y .  The 
computer i s  suppor ted  by a l a r g e  s t a f f  which i s  p a r t  o f  a  $ 2 ~ / y r .  d a t a  
p r o c e s s i n g  c e n t e r  f a c i l i t y .  
Withi'n t h e  l a s t  y e a r  t h e  Cen te r  h a s  a c q u i r e d  t h r e e  new s t a f f  mem- 
b e r s  whose a c t i v i t i e s  a r e  devoted t o  remote s e n s i n g  a p p l i c a t i o n s .  Th is  
has  caused a  pronounced s h i f t  i n  our  r e s e a r c h  emphasis which we f e e l  
w i l l  i n c r e a s e  t h e , r e l a v e n c y  of our  p roduc t s .  I n  November we coopera ted  
w i t h  NASAIMSC i n  a n  exper iment  on t h e  Houston Sh ip  Channel ( f i g u r e  20). 
Airborne m u l t i s p e c t r a l  d a t a  were  o b t a i n e d  u s i n g  t h e  U n i v e r s i t y  of Mich- 
i g a n  a i r c r a f t .  Th i s  work is  p a r t  of a n  e f f o r t  t o  p rov ide  our  s t a t e ' s  
r e s p o n s i b l e  agency w i t h  new methods o f  moni to r ing  and r e g u l a t i n g  e f f l u -  
e n t s .  Under t h e  new Texas laws governing p o l l u t i o n ,  t h e  t a s k  of moni- 
t o r i n g  t h e  s t a t e ' s  i n l a n d  w a t e r  r e s o u r c e s  and c o a s t a l  r e g i o n s  h a s  ex- 
panded. The Texas Water Q u a l i t y  Board i s  look ing  t o  remote s e n s i n g  f o r  
a s s i s t a n c e  i n  t h e i r  programs. 
F i n a l l y ,  I want t o  i n t r o d u c e  you t o  one of t h e  most e x c i t i n g  p rac -  
t i c a l  a p p l i c a t i o n s  o f  remote s e n s i n g  d a t a  t h a t  we have been involved i n .  
A  p r i v a t e  l and  d e v e l o p e r  i n  Houston r e c e n t l y  approached u s  f o r  a s s i s -  
t a n c e  i n  a s s e s s i n g  t h e  b e s t  way t o  u t i l i z e  t h e  n a t u r a l  v e g e t a t i o n  and 
s o i l s  d i s t r i b u t i o n  on a land a r e a  scheduled f o r  development ( f i g u r e  21).  
The impact of u rban  development upon v i r g i n  l ands  has  g e n e r a l l y  been 
s e v e r e  and some e f f o r t  was needed t o  minimize d e s t r u c t i o n  and i f  p o s s i -  
b l e  t o  c a p i t a l i z e  on t h e  e x i s t i n g  t e r r a i n  t o  reduce  development c o s t s  
and m a i n t a i n  t h e  a e s t h e t i c  v a l u e  of t h e  l and .  Th is  p r o j e c t  h a s  o n l y  
j u s t  begun, b u t  w e  have e s t a b l i s h e d  s e v e r a l  t e s t  p l o t s  on t h e  s i t e  and 
have a c q u i r e d  a e r i a l  photography of some s e c t i o n s .  We a r e  h o p e f u l  t h a t  
NASA w i l l  d e s i g n a t e  t h e  a r e a  a s  a  HATS t e s t  s i t e  and a s s i s t  u s  w i t h  t h e  
d a t a  a c q u i s i t i o n  and a n a l y s i s .  
CONCLUSION 
The Texas A6rM program i s  a r a p i d l y  expanding e f f o r t  which i s  g r e a t l y  
a s s i s t e d  by t h e  e x c e l l e n t  c o o p e r a t i o n  r e c e i v e d  from t h e  NASA/MSC person-  
n e l .  We b e l i e v e  t h a t  t h i s  c o a c t i v e  e f f o r t  w i l l  prove t o  be a n  impor tan t  
p a r t  of t h e  o v e r a l l  NASA/MSC involvement i n  remote s e n s i n g  a p p l i c a t i o n s  
r e s e a r c h .  
The f o l l o w i n g  paper  by D r .  Rober t  T o l e r  d e t a i l s  a n o t h e r  o f  t h e  
Remote Sens ing  C e n t e r ' s  p r o j e c t  which t y p i f i e s  t h e  t y p e  o f  c o a c t i v e  i n -  
t e r d i s c i p l i n a r y  r e s e a r c h  which w e  are e s t a b l i s h i n g  w i t h  t h e  Manned Space- 
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I BM 360/65 DI GITAL COMPUTER 
- U N I V E R S I T Y  OWNED TO PROVIDE LOW 
COST, E F F I C I E N T  OPERATION WITH  A 
F U L L  RANGE OF COMPUTER C A P A B I L I T Y  
AND USER 'SERVICE fi 
- 6 MILLION BITS CORE STORAGE 
- D I S C  STORAGE 
- MAGNETI c ,TAPE (MULTI PLE TRACK, DENSITY) 
- MULTIPLE COMPILER/UTILITIES 
- CORE RESIDENT WATFIV (SOFTWARE 
DEVELOPMENT) 
- MVT OPERATING SYSTEM (OPERATIONAL 
COST/TURNAROUND 
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SPECTRAL REFLECTANCE MEASUREMENTS 
OF A VIRUS HOST MODEL 
Rober t  W .  T o l e r ,  A s s o c i a t e  P r o f e s s o r  
Department of  P l a n t  S c i e n c e s  
Remote Sens ing  Cen te r  
Texas A&M U n i v e r s i t y  
C o l l e g e  S t a t i o n ,  Texas 77843 
N. K .  Shankar ,  S t a f f  Engineer  
Lockheed E l e c t r o n i c s  Co. 
Houston, Texas 
INTRODUCTION 
I n s e c t s ,  weeds,  and d i s e a s e s  a r e  h a z a r d s  t o  c rop  p r o d u c t i o n  and 
must be  managed. P l a n t  p r o t e c t i o n  i s  des igned  f o r  r e d u c t i o n  o f  
t h e s e  c r o p  p e s t s ,  i n  o r d e r  t o  p r o v i d e  our  s o c i e t y  w i t h  food ,  f i b e r ,  
o i l s  and o rnamenta l s  w h i l e  p r e s e r v i n g  a  wholesome environment .  P l a n t  
d i s e a s e s  a r e  caused by b a c t e r i a ,  f u n g i ,  nematodes, phanerogams 
( p a r a s i t i c  s e e d  p l a n t s ) ,  mycoplasma, and v i r u s e s ;  v i r u s e s  i n c i t e  
d i s e a s e s  t h a t  l i m i t  p r o d u c t i o n  of t h e  major food c rops  of  t h e  wor ld .  
The p l a n t  v i r u s e s  and mycoplasma i n  most  h o s t  t r a n s l o c a t e  t o  t h e  
growing p o i n t  of  t h e  p l a n t .  V i r u s e s  a r e  o b l i g a t e  p a r a s i t e s  and 
m u l t i p l y  o n l y  i n  l i v i n g  c e l l s .  A few examples a r e :  Maize Dwarf 
Mosaic Vi rus  which causes  l o s s e s  i n  c o r n ,  sorghum, and m i l l e t ;  
Wheat S t r e a k  Mosaic Vi rus  reduces  p r o d u c t i o n  o f  wheat ,  o a t s ,  and 
b a r l e y ;  Bar ley  Yellow Dwarf Vi rus  invades  b a r l e y ,  whea t ,  and o a t s ;  
Sugarcane Mosaic V i r u s  lowers y i e l d  of sugarcane ,  sorghum, and c o r n ;  
Tungro o r  Yellow Orange Leaf V i r u s  i s  one of t h e  most  s e r i o u s  
d i s e a s e s  of  r i c e  i n  A s i a  today  and Hoja Blanca V i r u s  a t t a c k s  r i c e  
h e r e  i n  t h e  w e s t e r n  hemisphere ;  and Coconut L e t h a l  Yellowing has  
d e s t r o y e d  coconut  p l a n t i n g s  i n  Jamaica and F l o r i d a .  D i s e a s e  manage- 
ment programs t o  b e  used e f f e c t i v e l y  i n  i n t e r g r a t e d  sys tems f o r  
c o n t r o l l i n g  a l l  p e s t s  on a  c r o p  w i l l  r e q u i r e  new d i s e a s e  s u r v e y  
t e c h n i q u e s .  
This  r e s e a r c h  was a  c o o p e r a t i v e  e f f o r t  of t h e  Department of  
P l a n t  S c i e n c e s  C o l l e g e  of  A g r i c u l t u r e ,  Remote Sens ing  C e n t e r ,  
Texas A&M U n i v e r s i t y ,  C o l l e g e  S t a t i o n ,  Texas ( suppor ted  by NASA 
Gran t  NsG 239-62)  and NASA/MSC/EOD, Appl ied  P h y s i c s  Branch,  Houston, 
Texas. Va luab le  a s s i s t a n c e  was p rov ided  by D r .  F o r r e s t  H a l l ,  
p h y s i c i s t ,  Applied P h y s i c s  Branch NASA/MSC/EOD, Houston; M r .  E .  H. 
Krauss ,  s u p e r v i s o r ,  and M r .  J a c k  Hartman, p h o t o s c i e n t i s t ,  Lockheed 
E l e c t r o n i c s ,  I n c .  , Houston Aerospace Sys tems D i v i s i o n  Photo-op t i c a l  
S c i e n c e  S e c t i o n  ,NASA/MSC/HOUS~O~;  and M r .  Wi l l i am Odle ,  Graduate  
A s s i s t a n t ,  Department of  P l a n t  S c i e n c e s ,  Texas A m ' U n i v e r s i t y ,  
C o l l e g e  S t a t i o n ,  Texas.  
V i r u s - h o s t  Model 
S t .  Augus t inegrass  (Stenotaphrum secundatum), t h e  h o s t  of S t .  
Augus t ine  D e c l i n e ,  was s e l e c t e d  a s  a d i s e a s e  model t o  s t u d y  s p e c t r a l  
r e f l e c t a n c e  p r o p e r t i e s  i n  o r d e r  t o  d i f f e r e n t i a t e  h e a l t h y  from i n -  
f e c t e d  g r a s s  by remote s e n s i n g  t e c h n i q u e s .  I n  t h i s  d i s e a s e - h o s t  
combina t ion  t h e  h o s t  was s e l e c t e d  because  i t  i s  1 )  a  monocot, 2 )  
produces  t u r f ,  3 )  p e r e n n i a l  i n  n a t u r e ,  4 )  v e g e t a t i v e l y  p r o p a g a t e d ,  
5 )  g e n e t i c a l l y  s t a b l e ,  6) adap ted  t o  t h e  t e s t  s i t e  environment ,  
7 )  t h e  d i s e a s e  r e a c t i o n  is  a t y p i c a l  mosa ic ,  and 8 )  s u s c e p t i b l e  t o  
mechanical  t r a n s m i s s i o n .  The i n c u b a t i o n  p e r i o d  of t h e  d i s e a s e  is  
21-30 days  t r a n s m i t t e d  m e c h a n i c a l l y ,  and has  a  l i m i t e d  h o s t  r ange  
t h a t  i n c l u d e s  c r a b g r a s s ,  m i l l e t ,  and S t .  A u g u s t i n e g r a s s .  
The exper iment  d i s c u s s e d  h e r e  i s  t h e  m u l t i s p e c t r a l  t o n e  
s i g n a t u r e s  of  t h e  S t .  August ine  D e c l i n e  d i s e a s e d  and h e a l t h y  t a r g e t s .  
Two o b j e c t i v e s  were:  1 )  t o  p r e d i c t  t h e o r e t i c a l  tone  v a l u e s  of 
h e a l t h y  and i n f e c t e d  S t .  Augus t inegrass  on v a r i o u s  f i l m / f i l t e r /  
p o l a r i z a t i o n  combina t ions ,  u s i n g  s p e c t r o m e t r i c  measurements of  l i g h t  
r e f l e c t a n c e ,  f i l m  s e n s i t i v i t y  d a t a ,  and f i l t e r  t r a n s m i t t a n c e  c u r v e s ;  
2)  t o  measure t h e  c o r r e l a t i o n  between t h e o r e t i c a l  t o n e  v a l u e s  and 
a c t u a l  tone  v a l u e s  a s  o b t a i n e d  by d e n s i t o m e t r i c  a n a l y s i s  of pho to  
n e g a t i v e s .  From t h i s  i n f o r m a t i o n  m u l t i s p e c t r a l  tone  s i g n a t u r e s  of 
t h e  h e a l t h y  and i n f e c t e d  S t .  Augus t inegrass  c a n  be  de te rmined ,  and 
optimum f i l m / f i l t e r  combinat ions  t o  b e  used i n  m u l t i s p e c t r a l  
photography c a n  b e  s e l e c t e d .  
PROCEDURE 
P l a n t  m a t e r i a l  f o r  l a b o r a t o r y  and f i e l d  s t u d i e s  employed b o t h  
m e c h a n i c a l l y  i n o c u l a t e d  and n a t u r a l l y  i n f e c t e d  g r a s s  showing v a r y i n g  
l e v e l s  of d i s e a s e  development.  The s p l i t  p l o t  t e c h n i q u e  was used i n  
o u r  f i e l d  t r i a l s  w i t h  t h e  h e a l t h y  c o n t r o l s  and S t .  Augus t ine  D e c l i n e  
d i s e a s e d  g r a s s .  The p l o t  s i z e  was 8  x 8  f t .  r e p l i c a t e d  12 t imes 
( F i g u r e  1 ) .  Mechanical  i n o c u l a t i o n s  were  made i n  t h e  greenhouse  
u s i n g  600 mesh carborundum and phospha te  b u f f e r  pH 7 . 5 ,  . 0 1  M .  
Inoculum was d i s e a s e d  l e a f  t i s s u e  and b u f f e r  a t  a  1:l r a t i o  by 
w e i g h t ,  ground i n  a  m o r t a r  w i t h  1 p e r c e n t  carborundum. Data 
a c q u i s i t i o n  i n c l u d e d :  1 )  measur ing t h e  s p e c t r a l  r e f l e c t a n c e  of  
samples i n  t h e  l a b o r a t o r y ,  u s i n g  t h e  Cary-14 R I  s p e c t r o p h o t o m e t e r ,  
2)  measur ing t h e  s p e c t r a l  r e f l e c t a n c e  of f i e l d  p l o t s ,  u s i n g  f i e l d  
i n s t r u m e n t s  such  a s  t h e  EG&G spec  t ro rad iome  t e r  , 3 )  photograph ing  
l a b o r a t o r y  samples and f i e l d  p l o t s ,  u s i n g  mul t iband  pho tograph ic  
s e n s o r s  w i t h  v a r i o u s  filmlfilter/polarization combina t ions ,  and 
4 )  pe r fo rming  p o l a r i z a t i o n  measurements i n  t h e  l a b o r a t o r y ,  u s i n g  a  
modif ied  Cary-14 R I  spec t rogon iopho tomete r .  
Cary-14 R I  L a b o r a t o r y  Data A c q u i s i t i o n  
The model - 14 R I  spec t ropho tomete r  w a s  employed f g r  a u t o m a t i c o  
r e c o r d i n g  of  s p e c t r a  i n  t h e  wavelength  r e g i o n  of  2,250 A t o  30,000 A 
w i t h  good r e s o l v i n g  power and h i g h  pho tomet r i c  accuracy .  I n t e r c h a n g e -  
a b l e  l i g h t  s o u r c e s  f o r  t h e  i n s t r u m e n t  a r e  a  hydrogen lamp, a  t u n g s t e n  
lamp f o r  t h e  v i s i b l e  r e g i o n ,  and a  t u n g s t e n  lamp f o r  t h e  n e a r - i n f r a r e d  
r e g i o n .  
Samples o f  S t .  Augus t inegrass  p l a n t s  were  i n o c u l a t e d  w i t h  v i r u s  
a t  v a r i o u s  i n t e r v a l s .  These p l a n t s  were  k e p t  under  c o n t r o l l e d  green-  
house  c o n d i t i o n s  a t  Texas A&M U n i v e r s i t y .  Grass  b l a d e s  from t h e s e  
p l a n t s  were  c u t  t o  s i z e  t o  b e  p l a c e d  i n  t h e  sample cup of  t h e  
r e f l e c t o m e t e r .  Var ious  o r i e n t a t i o n s  of t h e  g r a s s  b l a d e s  i n  t h e  
sample cup were  used t o  measure t h e  d i f f u s e  s p e c t r a l  r e f l e c t i o n  
f u n c t i o n  i n  t h e  wavelength  r e g i o n  of 350 t o  900 nm. S i m i l a r  measure- 
ments were made on t h e  h e a l t h y  g r a s s  samples .  The e f f e c t s  of back- 
ground on t h e  samples were a l s o  exp lo red  ( F i g u r e  2 ) .  
S p e c t r a l  r e f l e c t a n c e  c u r v e s  o b t a i n e d  from Cary-14 a r e  shown i n  
F i g u r e s  3 and 4 .  
Mul t iband Photography 
An a r r a y  of  f o u r  Nikon-F cameras was mounted on a  s p e c i a l l y  made 
frame ( F i g u r e  5 ) .  Th i s  frame was t h e n  mounted on a  t ropod s t a n d .  
Each camera was b o r e s i g h t e d  on t h e  t a r g e t .  F i e l d  i r r a d i a n c e  s h u t t e r  
speed c a l i b r a t i o n  and s p e c t r a l  t r a n s m i s s i o n  o f  each l e n s l f i l t e r  
combinat ion were performed.  Three  f i l m l f i l t e r  combinat ions  were 
s e l e c t e d .  Wra t t en  f i l t e r s  4 7 B ,  58 ,  and 25, i n  combina t ion  w i t h  b l a c k  
and w h i t e  plus-X type  f i l m ,  were used i n  t a k i n g  s p e c t r a l  mul t iband  
photographs  of  h e a l  t h y  and i n f e c t e d  S t .  Augus t i n e g r a s s  p l a n t s ,  i n  
d a y l i g h t  a t  v a r i o u s  s u n  a n g l e s  and i n  pho to f lood  l i g h t  under indoor  
l i g h t i n g  cond i t i ons .  Black and whi te  I R ,  co lo r  I R ,  and Ektrachrome 
c o l o r  photographs were a l s o  made. Very good c o r r e l a t i o n  between 
Cary-14 d a t a  and photographic d e n s i t y  was observed. The r e s u l t s  a r e  
shown i n  F igures  6 and 7. 
The Nikon camera a r r a y  was used i n  t h e  multiband photography of 
c o n t r o l  p l o t s  and f i e l d  work. A che r ry  p i cke r  c rane  was used t o  
h o i s t  t h e  equipment 35 t o  45 f t .  above the  ground. 
P o l a r i z a t i o n  S p e c t r a l  Ref lec tance  Measurements 
The p o l a r i z a t i o n  s p e c t r a l  r e f l e c t a n c e  of g ra s s  samples was 
measured us ing  a  modified Cary-14 R I  spectrophotometer w i th  a  Cary 
model 50-400-000 gonioref lec tometer .  The instrument  was modified 
t o  accept  a n  e x t e r n a l l y  mounted RCA C31034D GaInAs photomul t ip l ie r  
tube and FET-preamp. The Cary gonioref lec tometer  employs a  25-cm 
diameter  i n t e g r a t i n g  sphere  wi th  a  t i l t a b l e  sample holder  i n  t h e  
c e n t e r  of t h e  sphere .  The sphere i s  i l luminated  wi th  undispersed 
l i g h t  from a  1,000-W quar tz - iodine  lamp. A 5-cm qua r t z  l ens  mounted 
i n  t he  bottom of t h e  sphere p r o j e c t s  t h e  image of t h e  lamp f i lament  
on t h e  underside of t h e  sample ho lde r .  The measurements of t he  
v e r t i c a l  and h o r i z o n t a l  p o l a r i z a t i o n  components of the  r e f l e c t e d  
l i g h t  was accomplished by p o s i t i o n i n g  two 3-cm a p e r t u r e  Glan-Thompson 
prisms i n  t h e  two sample c e l l  ho lders  l oca t ed  i n  t h e  sample c e l l  
compartment. The r e f l e c t a n c e  d a t a ,  0  pe rcen t ,  10  percent  maximum, 
and 100 pe rcen t  of t h e  two components, were recorded on punched 
paper  t ape ,  us ing  t h e  Datex model CU-702-0 d a t a  logger .  P o l a r i z a t i o n  
s p e c t r a  of h e a l t h y  and in fec t ed  g ra s s  samples were measured and 
recorded on t h e  paper  tape .  This t ape  was fed  i n t o  a  t ime-sharing 
te rmina l  of an XDS Sigma 7 computer. The d a t a  was e d i t e d ,  t r a n s l a t e d ,  
normalized, and reduced t o  g ive  average r e f l e c t a n c e  and percent  
p o l a r i z a t i o n .  P o l a r i z a t i o n  va lues  from +I00 percent  t o  -100 percent  
were p l o t t e d  on an  X-Y recorder  (Figure 5 ) .  Ind iv idua l  perpendicular  
and p a r a l l e l  p o l a r i z a t i o n  components and average values were a l s o  
p l o t t e d .  P o l a r i z i n g  f i l t e r s  i n  conjunct ion  wi th  s p e c t r a l  bandpass 
f i l t e r s  were used on t h e  Nikon camera systems t o  record m u l t i s p e c t r a l  
photographic d a t a .  
Spectroradiometer  Measurements 
The model 5801585 EGG spectroradiometer  system, c o n s i s t i n g  of a  
580-llA i n d i c a t o r  u n i t ,  a  580-208 s e r i e s  d e t e c t o r  head, 585-30 s e r i e s  
beam inpu t  o p t i c s ,  585-11 monochromator housings wi th  proper  g ra t ings  
of the  580-20 s e r i e s ,  and o t h e r  acces so r i e s ,  was used f o r  measuring 
the  s p e c t r a l  r e f l e c t a n c e  power of hea l thy  and in fec t ed  S t .  
Augustinegrass p l o t s  i n  t he  f i e l d .  The inpu t  o p t i c a l  u n i t  mounted 
along wi th  the  monochromator u n i t  and d e t e c t o r  head, on a  t r i pod  
mount, was pointed toward the  t a r g e t .  Monochromator s l i t s  were 
ad jus ted  t o  the  c a l i b r a t e d  s e t t i n g s .  Current  ou tput  of t he  
d e t e c t o r  f o r  each wavelength s e t t i n g  was monitored on the  i n d i c a t o r  
u n i t  and recorded.  P r e f i l t e r s  were used t o  e l imina te  t he  high-order  
i n t e r f e r e n c e .  A s tandard  whi te  r e f e rence  t a r g e t  was placed i n  f r o n t  
of the  sens ing  u n i t ,  and s p e c t r a l  r e f l e c t a n c e  values were measured 
a t  t h e  same l i g h t i n g  cond i t i ons .  The r a t i o s  of c u r r e n t s  of sample 
g ra s s  t o  wh i t e  r e f e rence  a t  a l l  wavelengths were c a l c u l a t e d .  One 
sample of such experimental d a t a  i s  p resented  i n  F igure  8. The 
hemispherical  f l u x  inpu t  rece ived  a t  t h e  ground l e v e l  was measured 
us ing  a n  ISCO radiometer .  These d a t a  were used t o  apply co r r ec t ions  
t o  EGhG d a t a .  
RESULTS AND DISCUSSION 
Spec t r a l  r e f l e c t a n c e  d a t a  from the  Cary-14 R I  spectrophotometer 
showed s p e c t r a l  d i f f e r e n c e s  between hea l thy  and d iseased  p l a n t s .  Ten 
t o  15 percent  d i f f e r ences  were found i n  t he  450 t o  480 nm (b lue)  
reg ion ,  the  550 t o  560 nm (yellow green) reg ion ,  and the  670 t o  680 
nm ( r e d )  reg ion .  Var ia t ions  i n  t he  dominant peak wavelength were 
observed. These d i f f e r ences  were a l s o  observed i n  t h e  f i e l d  d a t a  
taken wi th  the  EGG spec t rora iometer .  P o l a r i z a t i o n  measurements 
i nd ica t ed  major s p e c t r a l  d i f f e r e n c e s  between hea l thy  and in fec t ed  
p l a n t s ;  a s  much a s  34 pe rcen t  d i f f e r e n c e  i n  r e f l e c t a n c e  i n  the  450 
t o  480 nm r eg ion  and 40 percent  d i f f e r e n c e  i n  t h e  670 t o  680 nrn 
reg ion .  Very l i t t l e  d i f f e r e n c e  was observed i n  the  540 t o  550 nm 
reg ion .  
Q u a l i t a t i v e  measurements from photographs of p l a n t s  i n  t he  
b lue  and red reg ions  wi th  p o l a r i z a t i o n  show t h a t  l i g h t  r e f l e c t e d  
from hea l thy  p l a n t s  i s  more s t r o n g l y  po la r i zed  than  t h a t  from 
diseased  p l a n t s .  Photographs taken through the b lue  Wratten 47 
f i l t e r  i n  conjunct ion  wi th  a p o l a r i z e r  show an e x c e l l e n t  
d i f f e r e n t i a t i o n .  A l a r g e  photographic d i f f e r e n c e  a l s o  appears i n  
the  red r eg ion  ( f i l t e r  25 and p o l a r i z e r  combination).  Much smal le r  
d i f f e r e n c e s  were noted i n  the  540 t o  550 m reg ion .  Although the  
i n t e n s i t y  i n  the  near-IR reg ion  (750 t o  1,200 nm) i s  much h igher  
than  the  v i s i b l e  r eg ion  of t he  spectrum, d i f f e r ences  i n  t h e  hea l thy  
and d iseased  p l a n t s '  r e f l e c t a n c e  were q u i t e  smal l .  A maximum of 10 
percent  d i f f e r e n c e  was observed i n  the  s p e c t r a  obtained wi th  the  
Cary-14 R I  spectrophotometer.  Near-IR photographs taken with c o l o r  
I R  and black and wh i t e  I R  f i lms  showed r e l a t i v e l y  small  tone change 
between the  hea l thy  and in fec t ed  grass  p l o t s .  
Black and wh i t e  negat ives  of the  c o n t r o l  p l o t s  taken wi th  r e d ,  
green, and b lue  f i l t e r s  p lus  p o l a r i z e r s  were analyzed us ing  co lo r  
d e n s i t y  contouring and s l i c i n g  techniques.  A multiband TV d i s p l a y  
u n i t  manufactured by the  I I S  Corporat ion was used f o r  t h i s  purpose. 
The r e s u l t s  a r e  shown i n  Figures  9 and 10. Rat io ing  d e n s i t i e s  of 
t he  green r e g i o n  t o  t he  red  reg ion ,  and t h e  green reg ion  t o  t he  
b lue  r eg ion  were attempted us ing  the  I I S  Corporat ion imaging system. 
The r e s u l t s  a r e  shown i n  Figures  11 and 12. There seems t o  be good 
c o r r e l a t i o n  between t h e  l abo ra to ry  r e s u l t s  and f i e l d  d a t a .  The 
hea l thy  g ra s s  c o n s i s t e n t l y  exh ib i t ed  a  darker  image on the  negat ive  
compared t o  t he  d iseased  g ra s s .  
An a n a l y s i s  of r e s u l t s  us ing  abso lu t e  r e f l e c t e d  energy l e v e l s  
w i l l  be made i n  t h e  f u t u r e  work schedule.  Modeling f o r  a i r c r a f t  
ope ra t ion  i s  a l s o  contemplated i n  t h i s  schedule.  With time - 
progress ion  d a t a  a c q u i s i t i o n ,  e f f e c t i v e  p rev i sua l  ana lys i s  pre-  
d i c t i o n  w i l l  be at tempted.  
I n  conclusion,  a  technique has been developed t o  d e t e c t  the  
c h a r a c t e r i s t i c  s p e c t r a l  s i g n a t u r e  of hea l thy  and in fec t ed  S t .  
August inegrass .  I t  i s  poss ib l e  t o  p r e d i c t  t he  coverage of t he  in-  
f ec t ed  a r e a  provided ground t r u t h  coverage shows p o s i t i v e  S t .  
Augustinegrass t u r f .  P o s i t i v e  i d e n t i f i c a t i o n  of hea l thy  and 
d iseased  grass  is  at tempted,  bu t  no at tempt  has been made t o  


































































































































































































































































Figure 9. Color density photo of 12S system photograph of the 
projection screen. (Red filter and polarizer) 
45- 15 
Figure 10. Color density photo of r 2s sys tem photograph of the 
pTojection screen (blue filter and polarizer) (concluded). 
45-17 
Figure 11. Density discrimination between healthy and infected grass. 
(Ratio of green density to red density) 
45- 18 
Figure 12. Density discrimination between healthy and infected grass 
(ratio of gree~ density to blue density) (concluded). 
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APPLICATION OF REMOTE SENSING TO 
WATER RESOURCES PROBLEMS 
James L.  C iapp 
Remote Sens ing  Program 
I n s t i t u t e  f o r  Env i ronmen ta l  S t u d i e s  
The U n i v e r s i t y  o f  Wiscons in  
Madison,  W iscons in  
INTRODUCTION 
BACKGROUND 
T h i s  paper  i s  a  r e p o r t  on r e s e a r c h  done under  a  NASA Grant  t o  
t h e  U n i v e r s i t y  o f  W iscons in  f o r  M u l t i d i s c i p l i n a r y  Research i n  Space.- 
Science and E n g i n e e r i n g  (NGL 50-002-127) d u r i n g  1970-71. T h i s  
r e s e a r c h  was focused  upon t h e  prob lem o f  d e v e l o p i n g  remote s e n s i n g  
methods f o r  t h e  d e t e c t i o n  and m o n i t o r i n g  o f  p o l l u t a n t s  i n  w a t e r .  I t  
was s p e c i f i c a l l y  d i r e c t e d  towards t h e  i n v e s t i g a t i o n  o f  t h e  a p p l i c a t i o n  
o f  remote s e n s i n g  t o :  (1) Water Q u a l i t y  M o n i t o r i n g ;  (2) D e t e c t i o n  
o f  M i x i n g  Zone; and (3)  S u r f a c e  Parameters o f  Large Water Bod ies .  
I t  was t h e  i n t e n t  o f  t h i s  program t o  a c h i e v e  t h e  most e f f e c t i v e  
a p p l i c a t i o n  o f  funds and pe rsonne l  a v a i l a b l e  f o r  remote s e n s i n g  resea rch .  
T h i s  was accompl ished b y :  ( I )  a p p l y i n g  t h e  m a j o r  t h r u s t  o f  t h e  r e s e a r c h  
e f f o r t  toward  c r i t i c a l  problems f a c e d  by  S t a t e  and Federa l  agenc ies  
charged w i t h  w a t e r  q u a l i t y  p l a n n i n g  and p r o t e c t i o n ;  (2 )  c o o r d i n a t i n g  
d a t a  a c q u i s i t i o n  o p e r a t i o n s  on as b road  a  base as p o s s i b l e  i n  o r d e r  
t o  make maximum use o f  t h e  d a t a  a c q u i r e d ;  (3) i n v o l v i n g  t h e  a p p r o p r i a t e  
S t a t e  and Federa l  agenc ies  w i t h  t h e  r e s e a r c h  e f f o r t  i n  o r d e r  t h a t  
e x i s t i n g  ground t r u t h  c o u l d  be u t i l i z e d  and t h a t  p o s i t i v e  r e s e a r c h  
r e s u l t s  c o u l d  be made o p e r a t i o n a l  i n  a  minimum t i m e ;  and (4) c o o r d i -  
n a t i n g  i n f o r m a t i o n  and d a t a  d i s s e m i n a t i o n  i n  o r d e r  t h a t  a l l  i n v e s t i g a -  
t o r s  were k e p t  a b r e a s t  o f  developments i n  r e l a t e d  a r e a s .  
RELATIONSHIP TO OTHER PROJECTS AND AGENCIES 
S ince  e n v i r o n m e n t a l  g round t r u t h  i s  s o  complex and remote s e n s i n g  
d a t a  a c q u i s i t i o n  i s  c o s t l y ,  i t  was i m p e r a t i v e  t h a t  r e l a t e d  r e s e a r c h  
e f f o r t s  be c o o r d i n a t e d  i n  o r d e r  t o  d e r i v e  maximum b e c e f i t s  f r o m  funds 
and p e r s o n n e l .  T h e r e f o r e ,  t h e  w o r k  done under  t h e  remote s e n s i n g  
p r o j e c t  funded by  NASA's O f f i c e  o f  U n i v e r s i t y  A f f a i r s  was c o o r d i n a t e d  
w i t h  r e l a t e d  e n v i r o n m e n t a l  p r o j e c t s .  T h i s  i n t e r d i s c i p l i n a r y  approach 
p roved  most s u c c e s s f u l  i n  a l l  phases o f  t h e  p r o j e c t .  
W iscons in  Department  o f  N a t u r a l  Resources 
The Wiscons in  Department  o f  N a t u r a l  Resources i s  d i r e c t l y  con- 
ce rned  w i t h  a l l  t h r e e  areas  o f  i n t e r e s t  cove red  i n  t h i s  i n v e s t i g a t i o n .  
I n  t h e  case o f  t h e  M i x i n g  Zone Study,  t h i s  agency has funded a  p o r t i o n  
o f  t h e  r e s e a r c h  n o t  d i r e c t l y  concerned w i t h  remote s e n s i n g ,  t h e  deve lop -  
ment o f  t h e  ma themat i ca l  model .  I n  t h e  case o f  t h e  Water Q u a l i t y  S tudy ,  
t h e  Department  o f  N a t u r a l  Resources has c o o p e r a t e d  i n  t h e  d e f i n i t i o n  
o f  t h e  p rob lem and, w i t h i n  t h e  l i m i t s  imposed by  i t ' s  own o p e r a t i o n a l  
r e q u i r e m e n t s ,  p r o v i d e d  ground t r u t h  s u p p o r t  as reques ted  t h r o u g h  t h e  
program l e a d e r  by  t h e  p r i n c i p a l  i n v e s t i g a t o r .  
M a r i n e  S t u d i e s  Center  
The M a r i n e  S t u d i e s  Center  i s  funded by t h e  N a t i o n a l  Sc ience 
Founda t i on  t h r o u g h  t h e  U n i v e r s i t y  o f  W iscons in  Sea Grant  Program. 
The S u r f a c e  Parameters o f  Large Water Bodies p o r t i o n  o f  t h i s  r e s e a r c h  
was conduc ted  i n  c o n j u n c t i o n  w i t h  t h i s  program. The NASA funds  have been 
used t o  p r o v i d e  t h e  remote  s e n s i n g  a a t a  a c q u i s i t i o n  and a n a l y s i s  w h i l e  
t h e  M a r i n e  S t u d i e s  Center  funds and equipment were used t o  p r o v i d e  
t h e  r e q u i r e d  ground t r u t h  measurements. 
N a t i o n a l  Center  f o r  A tmospher i c  Research 
A p o r t i o n  o f  t h e  a v i a t i o n  s u p p o r t  f o r  t h e  Remote Sens ing  Program 
has been p r o v i d e d  by  t h e  N a t i o n a l  Center  f o r  A tmospher ic  Research.  
They have p r o v i d e d  o v e r f l i g h t  s u p p o r t  i n  t h e  the rma l  and p h o t o g r a p h i c  
r e g i o n .  
I n t e r n a t i o n a l  B i o l o g i c a l  Program 
The Lake Wingra Study ,  as p a r t  o f  t h e  I n t e r n a t i o n a l  B i o l o g i c a l  
Program, funded by t h e  N a t i o n a l  Sc ience Founda t i on ,  has as i t s  goa l  
t h e  deve lopment  o f  a computer  s i m u l a t i o n  model f o r  complex l a k e  b a s i n  
ecosys tems.  As such,  a  g r e a t  q u a n t i t y  o f  ground t r u t h  i s  gene ra ted  by  
c o n v e n t i o n a l  ground based measurements. The a c q u i s i t i o n  o f  t h e  ground 
t r u t h  i n f o r m a t i o n  was p r i m a r i l y  funded by  t h e  Lake Wingra Program. 
NASA funds were used t o  supplement t h e s e  measurements, o b t a i n  t h e  
r e q u i r e d  remote s e n s i n g  d a t a ,  and p r o v i d e d  f o r  t h e  a n a l y s i s  o f  t h e  
remote s e n s i n g  d a t a  as t h e y  a p p l i e d  t o  l a k e  ecosystem mode l i ng .  
I n s t i t u t e  f o r  Env i ronmen ta l  S t u d i e s  
I n  January  o f  1970 t h e  I n s t i t u t e  f o r  Env i ronmen ta l  S t u d i e s  ( IES) 
was a d m i n i s t r a t i v e l y  r e s t r u c t u r e d  and s t a f f e d  t o  p r o v i d e  improved 
l e a d e r s h i p  and impetus  t o  t h e  U n i v e r s i t y  o f  W i s c o n s i n ' s  r e s e a r c h  and 
t e a c h i n g  e f f o r t s  i n  t h e  e n v i r o n m e n t a l  s t u d i e s  a r e a .  IES p r o v i d e s  
l e a d e r s h i p  i n  i n t e r d i s c i p l i n a r y  e n v i r o n m e n t a l  r e s e a r c h  by i n i t i a t i n g  
new and c o o r d i n a t i n g  e x i s t i n g  r e s e a r c h  programs. Thus, I E S  has p r o -  
v i d e d  t h e  a d m i n i s t r a t i v e  o r g a n i z a t i o n  f o r  t h e  Remote Sens ing  Program. 
The m u l t i d i s c i p l i n a r y  n a t u r e  o f  t h e  Remote Sens ing  Program can 
e a s i l y  be a s c e r t a i n e d  f r o m  t h e  p r e c e d i n g  o r g a n i z a t i o n a l  o v e r v i e w .  
The complex n a t u r e  o f  e n v i r o n m e n t a l  ground t r u t h  and t h e  h i g h  c o s t  o f  
a c q u i r i n g  and a n a l y z i n g  remote s e n s i n g  d a t a  r e q u i r e  t h a t  a  c o o r d i n a t e d  
i n t e r d i s c i p l i n a r y  e f f o r t  be made t o  i n s u r e  t h a t  each d a t a  g a t h e r i n g  
f l i g h t  and s u p p o r t i n g  ground t r u t h  a c q u i s i t i o n  be u t i l i z e d  t o  t h e  
f u l l e s t .  Fu r the rmore ,  inasmuch as i n f o r m a t i o n  ga ined  i n  one p o r t i o n  
o f  t h e  r e s e a r c h  i s  l i k e l y  t o  have s i g n i f i c a n t  i n f l u e n c e  upon o t h e r  
e f f o r t s ,  a  c o o r d i n a t e d  o r g a n i z a t i o n  i s  e s s e n t i a l .  P r i n c i p a l  i n v e s t i -  
g a t o r s  f r o m  each s u b - p r o j e c t  a r e  r e p r e s e n t e d  on t h e  remote s e n s i n g  
s t e e r i n g  commi t tee  w h i c h  se rves  as t h e  c o o r d i n a t i o n  and i n f o r m a t i o n  
d i s t r i b u t i o n  e lement  o f  t h e  program. A t  t h e  p r e s e n t  t i m e  t h e  Remote 
Sens ing  Program employs some f i f t e e n  f a c u l t y  members and a p p r o x i m a t e l y  
f o r t y  s t u d e n t s  f r o m  t w e l v e  d i f f e r e n t  depar tments  and/or  programs. 
WATER RESOURCES PROBLEMS 
Because remote s e n s i n g  techn iques  o f f e r  t h e  c a p a b i l i t y  o f  
c o v e r i n g  l a r g e  areas  i n  a  r e a l  t i m e  s c a l e  t h e y  can be a p p l i e d  d i r e c t l y  
t o  t h e  c h a r a c t e r i z a t i o n  and m o n i t o r i n g  o f  e n v i r o n m e n t a l  p o l l u t a n t s  -- 
e s p e c i a l l y  t hose  e n t e r i n g  a  body o f  w a t e r .  A l t h o u g h  a l l  w a t e r  r e l a t e d  
remote s e n s i n g  r e s e a r c h  c a r r i e d  on a t  t h e  U n i v e r s i t y  o f  W iscons in  can 
be  c l a s s i f i e d  under t h e  h e a d i n g  o f  a p p l i c a t i o n s  o f  remote s e n s i n g  t o  
" w a t e r  r e s o u r c e  prob lems"  t h e  d i r e c t i o n  o f  each i n d i v i d u a l  resear-ch 
p r o j e c t  can be b e s t  d e l i n e a t e d  i f  t h e y  a r e  e x p l a i n e d  s e p a r a t e l y .  
WATER QUALITY RESEARCH;? 
D u r i n g  t h e  p e r i o d  1965-1967, Remote Sens ing  r e s e a r c h  a t  t h e  U n i v e r s i t y  
;?Dr. James P. Scherz,  P r i n c i p a l  I n v e s t i g a t o r ,  Department  o f  C i v i l  and 
Env i ronmen ta l  E n g i n e e r i n g  and I r ~ s t i t u t e  o f  Env i ronmen ta l  S t u d i e s .  
o f  Wisconsin i n  c o n j u n c t i o n  w i t h  t he  S t a t e  Department o f  Na tu ra l  Resources 
concluded t h a t  r e f l e c t a n c e  c h a r a c t e r i s t i c s  o f  water  a r e  caused by suspended 
p a r t i c u l a t e  ma t t e r  and t h a t  these c h a r a c t e r i s t i c s  vary ,  depending upon 
t he  e f f l u e n t  and t he  r e c e i v i n g  water .  Work done a t  Wisconsin under t h e  
NASA M u l t i d i s c i p l i n a r y  Grant,  d u r i n g  t h e  pe r i od  1967-1971, concluded 
t h a t  the  r e f l e c t a n c e  c h a r a c t e r i s t i c s  o f  a  p o l l u t a n t  can be p o s i t i v e l y  
c o r r e l a t e d  t o  suspended s o l i d s  and t h a t  t h e o r e t i c a l l y  t h e  s o l i d s  con ten t  
can be determined by Remote Sensing technology. Since t he  s o l i d s  
con ten t  and o t h e r  wa te r  q u a l i t y  parameters a re  a t  t imes p o s i t i v e l y  
c o r r e l a t e d ,  i t  may be p o s s i b l e  t o  determine p o l l u t a n t  load i n  general  
f rom the  concen t ra t i ons  o f  s o l i d s  -- prov ided  t he  c h a r a c t e r i s t i c s  o f  an 
e f f l u e n t  from a  p a r t i c u l a r  p l a n t  a re  known. 
The present  research work and t h a t  conducted d u r i n g  t he  summer and 
f a l l  o f  1971 i s  d i r e c t e d  towards t he  es tab l i shment  o f  a  s t a t i s t i c a l  
c o r r e l a t i o n  between remote sens ing responses and ac tua l  water  c o n d i t i o n s .  
From t h e  use o f  spectrophotometers and ground sampl i n g  i n  c o n j u n c t i o n  
w i t h  a e r i a l  photography, i t  has been e s t a b l i s h e d  t h a t  i n  t h e  photographic  
p a r t  o f  the  energy spectrum, the  remote sens ing response i s  p r i m a r i l y  
c o r r e l a t e d  w i t h  t h e  s o l i d s  i n  t he  water  (see F igu re  1 ) .  There i s  an 
impor tan t  depth p e n e t r a t i o n  c o n s i d e r a t i o n  thatrnust a l s o  be cons idered 
i n  t h a t  d i f f e r e n t  wavelengths o f  energy pene t ra te  t o  d i f f e r e n t  depths 
i n t o  t h e  water .  The research work d u r i n g  t he  summer o f  1971 d e a l t  w i t h :  
(a) e s t a b l i s h i n g  a r e l i a b l e  c o r r e l a t i o n  between remote sens ing images 
( r e f l e c t a n c e )  and t he  c o n c e n t r a t i o n  o f  s o l i d s  i n  o u t f a l l s  f rom severa l  
i n d u s t r i a l  p l a n t s  on the  Wisconsin R i ve r  (see F igu re  2 ) ,  and (b) 
i n v e s t i g a t i n g  the  depth pene t ' ra t ion  c h a r a c t e r i s t i c s  o f  c o l o r  and c o l o r  
i n f r a r e d  f i l m  i n  r e l a t i o n  t o  lakes,  r i v e r s ,  and i n d u s t r i a l  p o l l ' u t i o n .  
o u t f a l l s .  The r e s u l t s  o f  t he  above research should  b r i d g e  t he  gap 
between a e r i a l  remote sens ing images and t h e  ac tua l  ground c o n d i t i o n s  
on ma t t e r s  r e l a t i n g  t o  water  q u a l i t y ;  o r  i n  o t h e r  words, t h e  r e s u l t s  
should  determine what i s  be ing  sensed on t h e  remote sens ing ima,ges i n  
regard  t o  wa te r  q u a l i t y .  
Suspended Sol i d s  
The amount o f  r e f l e c t a n c e  i s  d i r e c t l y  c o r r e l a t e d  w i t h  t he  amount o f  
suspended s o l i d s  b u t  i t  has been concluded t h a t  t h e  l a b o r a t o r y  a n a l y s i s  8 
o f  such wastes a t  b e s t  leaves much t o  be d e s i r e d  because o f  t he  bottom 
r e f l e c t i o n  e f f e c t s  o f  t h e  l a b o r a t o r y  sample tube. Actua l  c o r r e l a t i o n '  
o f  suspended s o l i d s  w i t h  images on a e r i a l  photographs must be made i n  
t h e  f i e l d  r a t h e r  than i n  t he  l ab ,  and proper  al lowance must a l s o  be made 
f o r  bot tom e f f e c t s .  
Bottom E f f e c t s  
There i s  always some r e f l e c t a n c e  coming from the  bottom o f  t h e  
W a v e l e n g t h ,  M i c r o n s  
Figure 1.- Change in reflectance of sulfite 
liquor from Nekoosa, Wisconsin, as a function 

































































sample t u b e  t h a t  can make i t  i m p o s s i b l e  t o  e x a c t l y  e x t r a p o l a t e  t h e  
l a b o r a t o r y  d a t a  t o  p r e d i c t  what w i l l  show up on t h e  image w i t h o u t  t a k i n g  
i n t o  account  t h e  bo t tom e f f e c t s  o f  b o t h  t h e  sample t u b e  and t h e  w a t e r  
s i t e  i t s e l f .  Not enough i s  now known about  these  b o t t o m  e f f e c t s  t o  
a c c u r a t e l y  make t h e  c o r r e l a t i o n  between l a b o r a t o r y  and t h e  f i e l d .  
A d d i t i o n a l  work  must  be done hand i n  hand between f i e l d  i n v e s t i g a t o r s  
and l a b o r a t o r y  r e s e a r c h e r s  i n  o r d e r  t o  unders tand  t h e s e  b o t t o m  e f f e c t s  
and how t o  dea l  w i t h  them. 
R e s u l t s  t o  d a t e  however have shown t h a t  one can cance l  o u t  t h e  
bo t tom e f f e c t s  by  p i c k i n g  t h e  c o r r e c t  p a r t  o f  t h e  spect rum e i t h e r  w i t h  
f i l t e r s  b e f o r e  t a k i n g  t h e  pho to  o r  by  p r o p e r  c h o i c e  o f  wave lengths  when 
w o r k i n g  w i t h  t h e  microdens i tometer -spect rophotometer  appara tus  d u r i n g  
a n a l y s i s  o f  t h e  c o l o r  and c o l o r  I R  f i l m .  To d a t e  i t  can be conc luded 
t h a t  t h e  UV wave lengths  r e f l e c t  o n l y  f rom t h e  s u r f a c e  o f  t h e  w a t e r  
w i t h o u t  p e n e t r a t i o n  and t h a t  t h e  I R  i s  absorbed b y  t h e  w a t e r  and shows 
no d e p t h  e f f e c t s  and t h a t  t h e  b lue -g reen  wave lengths  p e n e t r a t e  and show 
t h e  unwanted b o t t o m  e f f e c t s .  I t  appears t h a t  by  s e l e c t i n g  t h e  p r o p e r  
wave lengths  one can h a n d l e  t h e  bo t tom e f f e c t  p rob lem and t h a t  an 
u n d e r s t a n d i n g  o f  b o t t o m  e f f e c t s  i s  a b s o l u t e l y  necessary  i f  one i s  t o  
l o o k  a t  o n l y  t h e  d e s i r e d  w a t e r  b e i n g  m o n i t o r e d .  
197 1 SUMMER RESEARCH 
The summer e f f o r t s  f o r  1971 c o n s i s t e d  o f  mass ive  c o r r e l a t i o n  e f f o r t s  
between ground t r u t h  and s imu l taneous  f l i g h t s  w i t h  c o l o r  and c o l o r  I R  
m i c r o f i l m  a t  f o u r  s i t e s  on t w e l v e  s e p a r a t e  days.  Ground samp l ing  has 
been conducted f o r  t u r b i d i t y , - s o l i d s ,  l i g h t  p e n e t r a t i o n  and c o l o r  o f  
t h e  i n d u s t r i a l  waste.  The samples have been ana lyzed  a t  t h e  I n s t i t u t e  
o f  Paper Chemis t r y  a t  App le ton ,  W iscons in ,  and a t  t h e  C i v i l  E n g i n e e r i n g  
S a n i t a r y  L a b o r a t o r y  a t  t h e  U n i v e r s i t y  o f  Wiscons in ,  Madison. Severa l  
I n d u s t r i a l  and M u n i c i p a l  sewage sources on t h e  Fox and Wiscons in  R i v e r s  
have been photographed and sampled d u r i n g  t h e  summer i n  o r d e r  t o  o b t a i n  
enough d a t a  t o  g e t  a  s t a t i s t i c a l  c o r r e l a t i o n  between t h e  a c t u a l  p o l l u t i o n  
and t h e  remote s e n s i n g  imagery .  P r imary  emphasis was p l a c e d  on  c o r r e -  
l a t i o n  o f  suspended s o l i d s  and t h e  d e n s i t y  o f  t h e  image as o b t a i n e d  i n  
r e l a t i o n  t o  t h a t  o f  a  s t a n d a r d  s t y r a f o a m  r e f l e c t a n c e  pane l .  Secondary 
emphasis was on s e e i n g  t o  what e x t e n t  t h e  suspended s o l i d s  i s  a  r e a l  
measure o f  w a t e r  p o l l u t i o n  as i n d i c a t e d  by  c o n v e n t i o n a l  p o l l u t i o n  
parameters .  F i g u r e  3 i n d i c a t e s  ( i n  p r e l i m i n a r y  a n a l y s i s  a t  .610 m i c r o n s )  
a  d e f i n i t e  c o r r e l a t i o n  between t h e  imagery and suspended s o l i d s .  T h i s  
wou ld  i n d i c a t e ,  i n  f a c t ,  t h a t  t h e  suspended s o l i d s  can be de te rm ined  
f rom a  photograph.  F u r t h e r  a n a l y s i s  i s  i n  p rog ress  t o  d e t e r m i n e  t h e  
r e l i a b i l i t y  and accu racy  o f  t h i s  c o r r e l a t i o n .  
S k e t c h  o f  P a p e r  M i l l  P l u m e  
+ =  S a m p l e  P o i n t  
P E R C E N T  T R A I J S M I T T A N C E  T H R O U G H  N O R M A L  
C O L O R  P H O T O G R A P I ~  A T  0 6 1 n  M I C R O N  
F i g u r e  3.- Graph o f  suspended s o l i d s  vs .  p e r c e n t  
t r a n s m i t t a n c e  showing c o r r e l a t i o n  between 
imagery  and suspended s o l i d s .  
APPLICATION TO MIXING ZONE MONITORING" 
The m i x i n g  zone i s  d e f i n e d  as t h a t  p a r t  o f  t h e  w a t e r  r e g i o n  i n  
wh ich  p o l l u t a n t s ,  i f  they  a r e  i n t r o d u c e d ,  a r e  t r a n s p o r t e d  and d i s p e r s e d  
t o  c o n c e n t r a t i o n s  o b t a i n a b l e  by  t o t a l  m i x i n g .  The m i x i n g  zone i s  a  
dynamic r e g i o n ,  chang ing  c o n t i n u o u s l y  i n  s i z e  and shape i n  response t o  
e f f l u e n t  and w a t e r  body c o n d i t i o n s .  The d i l u t i o n  process w i t h i n  t h e  
m i x i n g  zone i s  a  two-s tage process,  as shown on t h e  Schemat ic Diagram 
( F i g u r e  4 ) .  The c e n t r a l  o b j e c t i v e  o f  o u r  p r o j e c t  i s  t h e  s t u d y  o f  t h e  
mechanisms o f  t r a n s p o r t  and d i l u t i o n  i n  t h e  m i x i n g  zone and t h e  deve lop -  
ment o f  a  r e l a t i o n s h i p  f o r  t h e  e x t e n t  o f  t h e  m i x i n g  zone as a  f u n c t i o n  
o f  e f f l u e n t ,  o u t f a l l  and w a t e r  body c h a r a c t e r i s t i c s .  T h i s  r e l a t i o n s h i p  
may be used: ( 1 )  i n  t h e  e s t a b l i s h m e n t  o f  d e f i n i t e  and r a t i o n a l  w a t e r  
q u a l i t y  g u i d e l i n e s ;  ( 2 )  i n  t h e  development o f  a  samp l ing  and r e g u l a t i o n  
program by governmental  agenc ies ;  and ( 3 )  i n  t h e  d e s i g n  and l o c a t i o n  o f  
o u t f a l l s  by i n d u s t r i e s  and m u n i c i p a l i t i e s .  I n  o r d e r  t o  accomp l i sh  t h i s  
g o a l ,  an i n t e g r a t e d  program o f  ma themat i ca l  and l a b o r a t o r y  m o d e l l i n g  
and f i e l d  t e s t i n g  i s  b e i n g  c a r r i e d  o u t .  
The s t u d y  now i n v o l v e s  t h e  c o r r e l a t i o n  o f  p h y s i c a l  c h a r a c t e r i s t i c s  
o f  p o l l u t i o n  as measured on t h e  ground (suspended s o l i d s ,  t o t a l  s o l i d s ,  
d i s s o l v e d  s o l i d s ,  t e m p e r a t u r e  and c o l o r )  w i t h  r e m o t e l y  sensed measure- 
ments as r e f l e c t a n c e  ( u s i n g  f i l m  d e n s i t o m e t e r ) ,  e m i t t e d  r a d i a t i o n  ( u s i n g  
a  PRT-5) and thermal  scann ing.  A  r e l a t e d  prob lem i s  t h e  d e t e r m i n a t i o n  
o f  a  3-dim. p i c t u r e  ( b a s i c a l l y  v e r t i c a l  s t r u c t u r e )  f rom such ( p r i m a r i l y )  
s u r f a c e  (2-dim.) i n d i c a t o r s .  If such c o r r e l a t i o n s  can be deve loped,  i t  
w i l l  be p o s s i b l e  t o  use remote s e n s i n g  techn iques ,  t o g e t h e r  w i t h  t h e  
e s t a b l i s h e d  ground techn iques ,  f o r  q u a n t i t a t i v e  measurement o f  t h e  
temporal  and s p a t i a l  presence,  c h a r a c t e r ,  and c o n c e n t r a t i o n s  o f  p o l l u t a n t s  
i n  s u r f a c e  w a t e r s .  I n  t h i s  way t h e  ground and a e r i a l  work  i s  complementary 
and thus  p e r m i t s  more e f f e c t i v e  and a c c u r a t e  m o n i t o r i n g ,  d i s c o v e r y  and 
c h a r a c t e r i z a t i o n .  
F i e 1  d  Research 
F i g u r e  5 i s  a  g r a p h i c  r e p r e s e n t a t i o n  o f  t h e  m i x i n g  zone c h a r a c t e r -  
i s t i c s  a t  t h e  Weston Power P l a n t  near  R o t h s c h i l d  on 26 August  1970. The 
h i g h  r a t e  o f  f l o w  on t h i s  d a t e  (1800 CFS) caused t h e  plume t o  hug t h e  
sho re  f o r  a  l o n g  d i s t a n c e .  Accompanying s t r o n g  w inds  induced s t r o n g  
v e r t i c a l  m i x i n g  wh ich  i n  t u r n  caused a  s l o w e r  l a t e r a l  m i x i n g .  On t h i s  
p a r t i c u l a r  d a t e  a  good c o r r e l a t i o n  between t h e  boundary o f  t h e  m i x i n g  
zone as de te rm ined  by  t h e  a e r i a l  photographs and ground samp l ing  i s  
e v i d e n t .  D i f f e r e n t  f l o w  c o n d i t i o n s  however may cause a  v a r i a t i o n  i n  
~ ' rDrs .  John A. Hoopes and James R. V i l l e m o n t e ,  C o - P r i n c i p a l  I n v e s t i g a t o r s ,  
Department o f  C i v i l  and Env i ronmenta l  Eng ineer ing .  


t h i s  c o r r e l a t i o n .  Recent thermal  imagery o f  t h i s  l o c a t i o n  has been 
l i n e a r i z e d  and processed f o r  enhanc ing w a t e r  tempera tu re  v a r i a t i o n s .  
A n a l y s i s  o f  t h i s  imagery i s  c u r r e n t l y  i n  p rog ress .  
LEGAL ASPECTS OF WATER POLLUTION DETECTION 
THROUGH REMOTE SENSING;'; 
One obv ious  domes t i c  use f o r  remote s e n s i n g  dev i ces  i s  as an a i d  i n  
w a t e r  p o l l u t i o n  d e t e c t i o n .  For  t h e  p a s t  two and a  h a l f  yea rs  t h e  
U n i v e r s i t y  o f  W i s c o n s i n ' s  Remote Sens ing Program o f  t h e  I n s t i t u t e  f o r  
Env i ronmenta l  S tud ies  has been c o n d u c t i n g  research  on t h e  remote s e n s i n g  
o f  w a t e r  p o l l u t i o n .  As p a r t  o f  t h i s  s t u d y ,  a e r i a l  s u r v e i l l a n c e  o f  a 
number o f  i n d u s t r i a l  f i r m s  h e a v i l y  p o l l u t i n g  Wiscons in ' s  r i v e r s  has been 
under taken ,  f r e q u e n t l y  supplemented w i t h  ground samples. 
S tand ing  a lone ,  however, such e f f o r t s  a r e  l a r g e l y  s e l f - c o n t a i n e d .  
They do n o t  l e a d  t o  t h e  abatement o f  p o l l u t i o n  n o r  do t h e y  c o n s t i t u t e  
p r o o f ,  i n  a  s t r i c t  l e g a l  sense, o f  p o l l u t i o n .  I t  was because o f  t h i s  
aspec t  o f  t h e  Remote Sensing Program t h a t  P r o f e s s o r  Scherz 0,f t h e  C i v i l  
E n g i n e e r i n g  School suggested t h a t  remote s e n s i n g  ev idence  be t e s t e d  i n  
a  c o u r t  o f  law. 
Through t h e  c o o p e r a t i o n  o f  t h e  U n i t e d  S t a t e s  A t t o r n e y  f o r  t h e  
Western D i s t r i c t  o f  W iscons in  and t h e  Department o f  N a t u r a l  Resources 
remote s e n s i n g  d a t a  was used i n  t h e  s p r i n g  o f  1971 i n  an a c t u a l  c r i m i n a l  
case a g a i n s t  a  creamery p o l l u t i n g  a  m a j o r  t r i b u t a r y  o f  t h e  Wiscons in  
R i v e r  ( u n i t e d  S t a t e s  vs .   isc cons in ~ a i r i e s  Coopera t i ve ,  71  C r .  56, W.D. 
Wisc.;  f i l e d  14 A p r i l  1971). S ince  t h e  case ended w i t h  a p l e a  o f  n o l o  
contendere ,  an admiss ion  o f  g u i l t  f o r  t h e  purposes o f  t h e  case,  t h e  d a t a  
ga the red  was n o t  a c t u a l l y  used i n  c o u r t .  Other cases,  however, a r e  
c u r r e n t l y  b e i n g  deve loped.  I t  i s  expec ted  t h a t  t hey  w i l l  r e s u l t  i n  
remote sensed d a t a  b e i n g  used i n  a  d i s p u t e d  case so  t h a t  i t s  r e l i a b i l i t y  
w i l l  be j u d i c i a l l y  e s t a b l i s h e d .  
REFLECTANCE AND TRANSMITTANCE CHARACTERISTICS 
OF SELECTED GREEN AND BLUE-GREEN UNIALGAE* 
The t w o - f o l d  purpose o f  t hese  s e t s  o f  exper imen ts  was t o  e v a l u a t e  
;?Dr. F rank M. Tuerkhe imer ,  P r i n c i p a l  I n v e s t i g a t o r ,  V i s i t i n g  A s s o c i a t e  
P ro fesso r  o f  Law. 
;';*Drs. W i l l i a m  C. B o y l e  and Lorne C .  Gramms, C o - P r i n c i p a l  I n v e s t i g a t o r s ,  
Department o f  C i v i l  and Env i ronmenta l  Eng ineer ing .  
t h e  f e a s i b i l i t y  o f  u s i n g  t h e  r e f l e c t a n c e  and t r a n s m i t t a n c e  c h a r a c t e r -  
i s t i c s  o f  u n i a l g a e  t o  d i f f e r e n t i a t e  between green and b l u e - g r e e n  a l g a e  
and t o  f o r m u l a t e  e u t r o p h i c a t i o n  i n d i c e s  f r o m  t h e  d e r i v e d  d a t a .  Two 
t y p e s  o f  g reen a l g a e ,  Se lenas t rum and C h l o r e l l a ,  and two t ypes  o f  b l u e -  
g reen a l g a e ,  M i c r o c y s t i s  and Anabaena, were e v a l u a t e d  i n  t h i s  s t u d y .  
The r e f l e c t a n c e  and t r a n s m i s s i o n  c h a r a c t e r i s t i c s  o f  t hese  a l g a e  were 
reco rded  between .375  and . 8  m i c r o n s .  
Expe r imen ta l  Des ign  and R e s u l t s  
A  t w o - l e v e l ,  f o u r  f a c t o r  f a c t o r i a l  d e s i g n  f o r  each o f  t h e  . f o u r  
a l g a l  c u l t u r e s w a s  pe r fo rmed .  The dependent  v a r i a b l e s  were t r a n s m i t t a n c e  
and r e f l e c t a n c e  p r o p e r t i e s  o f  t h e  suspens ions .  Independent  v a r i a b l e s  
f o r  each u n i a l g a l  suspens ion  i n c l u d e d  a l g a l  c o n c e n t r a t i o n ,  suspens ion  
d e p t h ,  S i 0 2  c o n c e n t r a t i o n ,  and t h e  l e n g t h  o f  t h e  e x p e r i m e n t a l  chamber. 
The r e s u l t s  o f  o u r  e x p e r i m e n t s  can be summarized by  c o n s i d e r i n g  
f o u r  gene ra l  a reas :  ( 1 )  a l g a l  s p e c i e s  d i f f e r e n t i a t i o n ,  ( 2 )  a l g a l  
c o n c e n t r a t i o n  e s t i m a t i o n ,  (3 )  e f f e c t s  o f  p a r t i c u l a t e  i n t e r f e r e n c e ,  
and (4) e f f e c t s  o f  phosphorous d e f i c i e n c y  on t h e  r e f l e c t a n c e  measurements. 
A1 qa l  Spec ies  D i f f e r e n t i a t i o n  F i g u r e  6 shows t h e  r e f l e c t a n c e  
s p e c t r a  o f  t h e  f o u r  t y p e s  o f  a l g a e .  As can be seen i n  t h e  d iagram,  
t h e  green a l g a e  have a  c h a r a c t e r i s t i c  a b s o r p t i o n  a t  .650 m i c r o n s ,  
w h i l e  t h e  b l u e - g r e e n  a l g a e  do n o t .  From t h i s  we have been a b l e  t o  
f i n d  a  method o f  d i f f e r e n t i a t i n g  between t h e  two t ypes  o f  a l g a e  by 
measur ing  t h e  r a t i o  o f  t h e  r e f l e c t e d  l i g h t  a t  .650 m i c r o n s  t o  t h e  
i n t e n s i t y  a t  .625 m i c r o n s .  We have been a b l e  t o  conc lude  t h a t  t h e  
r a t i o  i s  g r e a t e r  t h a n  one f o r  t h e  b l u e - g r e e n  and l e s s  t h a n  one f o r  t h e  
green a l g a e .  
I n  o r d e r  t o  assess t h e  p o s s i b i l i t y  o f  d e t e r m i n i n g  a l g a l  suspens ion  
c o n c e n t r a t i o n s  u s i n g  c e r t a i n  wave leng ths  o r  r a t i o s  o f  wave leng ths ,  two  
o f  t h e  a l g a e ,  Se lenas t rum and Anabaena, were s t u d i e d  i n  d e t a i l  a t  
d i f f e r e n t  a l g a l  c o n c e n t r a t i o n s .  
A l q a l  C o n c e n t r a t i o n  E s t i m a t i o n  F i g u r e  7 d e p i c t s  c u r v e s  o f  t h e  
r e f l e c t a n c e  s p e c t r a  o f  t h e  a l g a l  Se lenast rum f o r  f o u r  d i f f e r e n t  con- 
c e n t r a t i o n s .  I n v e s t i g a t i o n s  of t h e  r e f l e c t a n c e s  i n d i c a t e  t h a t  f o r  
Se lenas t rum t h e  r e f l e c t a n c e  a t  .550 m, icrons was a p p r o x i m a t e l y  h a l v e d  
f o r  each d o u b l i n g  o f  t h e  c o n c e n t r a t i o n  o f  t h e  a l g a e .  The r e s u l t s  
f o r  Anabaena showed a  s i m i l a r  b u t  n o t  i d e n t i c a l  r e l a t i o n s h i p .  
E f f e c t s  o f  P a r t i c u l a t e  I n t e r f e r e n c e  I n  o r d e r  t o  s t u d y  t h e  e f f e c t s  
o f  t u r b i d i t y  o f  t h e  w a t e r  on t h e  r e f l e c t a n c e  s p e c t r a  o f  t h e s e  a l g a l ,  
an amount o f  f i n e  sand was added t o  t h e  e x p e r i m e n t a l  m i x t u r e s .  The 
c u r v e s  i n  F i g u r e  8 r e p r e s e n t  t h e  r e f l e c t a n c e  s p e c t r a  o f  Anabaena a t  
d i f f e r e n t  c o n c e n t r a t i o n s  w i t h  and w i t h o u t  t h e  S i02y  added. The r e s u l  t s  
were somewhat d i s c o u r a g i n g .  I t  was found t h a t  f o r  low c o n c e n t r a t i o n s  
o f  t h e  a l g a l  (4 mg/ l )  t h e  r e f l e c t e d  s i g n a l  decreased w i t h  t h e  a d d i t i o n  
o f  S i02,  b u t  t h e  converse was found f o r  t h e  h i g h e r  c o n c e n t r a t i o n .  The 
r e f l e c t e d  s i g n a l  was g r e a t e r  w i t h  t h e  a d d i t i o n  o f  t h e  S i O  f o r  t h e  
8 mg/l  c o n c e n t r a t i o n  o f  t h e  Anabaena. Thus, t h e  e f f e c t  o f  t u r b i d i t y  
c o u l d  cause f a l s e  r e f l e c t a n c e  measurements. 
Even though t h e  S i02 changed t h e  r e f l e c t a n c e  and t r a n s m i t t a n c e  
p r o p e r t i e s ,  i t  d i d  n o t  change t h e  c h a r a c t e r i s t i c  r a t i o  o f  t h e  i n t e n s i t i e s  
between t h e  green and b l u e - g r e e n  a l g a l .  Thus we can s t i l l  q u a l i t a -  
t i v e l y  d i s t i n g u i s h  between t h e  two t ypes  o f  a l g a l  independent  o f  
t u r b i d i t y .  
E f f e c t s  o f  Phosphorous D e f i c i e n c y  The remova 1 o f  phosphorous 
f r o m  t h e  qrowth  media had a  pronounced e f f e c t  on t h e  s p e c t r a l  r e f l e c -  
- 
tance  p r o p e r t i e s  o f  t h e  e x p e r i m e n t a l  a l g a l  c u l t u r e s .  The graphs i n  
F i g u r e  9 d e p i c t  t h e  r e s u l t s  o f  t h i s  exper imen t .  I n  genera l  t h e  l i m i t e d  
phosphorous media r e s u l t e d  i n  i n c r e a s e d  i n t e n s i t y  o f  t h e  r e f l e c t a n c e  
s p e c t r a .  
AQUATIC MACROPHYTES AS EUTROPHICATION INDICATORS* 
A q u a t i c  macrophytes as w e l l  as a l g a e  can be used as e u t r o p h i c a t i o n  
i n d i c a t o r s .  E u t r o p h i c a t i o n  o f  t h e  Madison a r e a  lakes  i s  p r i m a r i l y  due 
t o  t h e  i n f u s i o n  o f  n u t r i e n t s  f rom many v i3r fed sources i n c l u d i n g  a g r i -  
- c u l t u r a l  r u n o f f  and s t o r m  sewer d r a i n a g e .  
Background 
Lake Wingra, wh ich  i s  s i t u a t e d  w i t h i n  t h e  Madison c i t y  l i m i t s ,  i s  
t h e  s i t e  o f  s e v e r a l  i n t e n s i v e  ecosystem s t u d i e s  as p a r t  o f  t h e  I n t e r -  
n a t i o n a l  B i o l o g i c a l  Program (IBP) . The p r i m a r y  p r o d u c t i v i t y  o f  t h e  
a q u a t i c  macrophytes  i s  one component o f  t h i s  systems s t u d y  wh ich  i s  b e i n g  
ana lyzed  by  biomass samp l ing  and n e t  p h o t o s y n t h e s i s  s t u d i e s .  The 
p o s s i b i l i t i e s  o f  u s i n g  remote s e n s i n g  techn iques  t o  save t i m e  and e f f o r t  
i n  t h e  biomass s t u d i e s  a r e  o f  p a r t i c u l a r  i n t e r e s t  t o  i n v e s t i g a t o r s  i n  
t h e  remote s e n s i n g  program and i n  t h e  b i o l o g i c a l  systems study.. These 
p o s s i b i l i t i e s  a r e  b e i n g  examined a t  t h e  p r e s e n t  t i m e  by  compar ing t h e  
c o l  l e c t e d  ground d a t a  and a e r i a l  photographs t a k e n  d u r i n g  t h e  p a s t  
sum;ner. T h i s  j o i n t  e f f o r t  has been f r u i t f u l  i n  i n c r e a s i n g  t h e  e f f i c i e n c y  
o f  f u t u r e  p r o d u c t i o n  e s t i m a t e s ,  i n  p r o v i d i n g  d a t a  n o t  r e a d i l y  a v a i l a b l e  
f rom more t r a d i t i o n a l  methods, and i n  p r o v i d i n g  f o r  t h e  u l t i m a t e  m o d e l i n g  
o f  t h i s  a q u a t i c  ecosystem. 





Figure 10.- IR Aerial photograph of west end of 
L. Wingra taken in August, 1971. 
· -19 
46-20 
Figure 11.- Community map of a portion of west end of 
Lake Wingra. Md= myriophylum, GA= green algae over-
growth, MB= marl. 
A p p l i c a t i o n s  o f  Remote Sensing 
The c o l o r  and i n f r a r e d  s l i d e s  taken d u r i n g  t h e  summer o f  1971 have 
r e v e a l e d  s e v e r a l  v a l u a b l e  uses f ~ r  remote s e n s i n g  o f  t h e  l a k e  and suggest  
f u r t h e r  research .  C o l o r  I R  photographs a r e  v a l u a b l e  i n  d e t e r m i n i n g  t h e  
p h y s i o l o g i c a l  s t a t e  o f  a q u a t i c  p l a n t s .  The entrustment o f  p l a n t  leaves 
w i t h  ca rbona tes ,  t h e  senescense o f  p l a n t  t i s s u e  and t h e  l i f e  c y c l e  
s tages a r e  e a s i l y  d i s c e r n i b l e .  
The appearance o f  t h e  M y r i o p h y l l u m  sp ica tum I. communi t ies i s  v e r y  
pronounced i n  t h e  a e r i a l  photographs.  F i g u r e  10 i s  a  c o l o r  I R  a e r i a l  
pho to  o f  t h e  west  end o f  Lake Wingra taken  i n  August o f  1971. W i t h  t h e  
a i d  o f  v e r t i c a l  photographs taken  t h i s  season, t h e  v a r i o u s  communi t ies  
have been mapped. A  p o r t i o n  o f  t h e  August map showing M y r i o p h y l l u m  and 
w a t e r  l i l y  communi t ies w i t h  mat o f  green a l g a e  i s  shown as F i g u r e  1 1 .  
I n f o r m a t i o n  f rom t h e  a n a l y s i s  o f  t hese  maps can be used t o  make biomass 
and p r o d u c t i v i t y  e s t i m a t e s  when used i n  c o n j u n c t i o n  w i t h  o t h e r  b i o l o g i c a l  
da ta .  The a e r i a l  photographs w i l l  a l s o  be c o r r e l a t e d  w i t h  t h e  annual 
c y c l e  o f  p l a n t  g rowth  and community development.  The i n f r a r e d  f i l m  i s  
p a r t i c u l a r l y  e f f e c t i v e  i n  d i f f e r e n t i a t i n g  t h e  mar l  b o t t o m  f rom v e g e t a t i o n .  
Mar l  i s  c a l c i u m  c a r b o n a t e  wh ich  i s  p r e c i p i t a t e d  o u t  i n  h a r d  w a t e r  l akes .  
I n  r e g u l a r  c o l o r  f i l m  t h e  mar l  appears green b u t  appears w h i t e  i n  c o l o r  
i n f r a r e d ,  t h e r e b y  d i s t i n g u i s h i n g  i t  f rom v e g e t a t i o n .  D u r i n g  t h e  g row ing  
season t h e  M y r i o p h y l l u m  becomes p r o g r e s s i v e l y  e n c r u s t e d  w i t h  d ia toms as 
w e l l  as c a l c i u m  ca rbona te .  I n  t h e  i n f r a r e d  photographs t h e  weed beds 
appear l i g h t e r  due t o  t h i s ,  and t h u s  t h e  accumu la t i ons  can be m o n i t o r e d .  
Thermal imagery shows some a p p l i c a t i o n  t o  t h e  macrophyte  s t u d y  and i s  
c u r r e n t l y  undergo ing  a n a l y s i s .  
The m a j o r  e f f o r t  o f  t h i s  p a s t  summer has been t o  c o r r e l a t e  t h e  
biomass measurements taken  l a s t  y e a r  w i t h  t h e  v e r t i c a l  photographs,  
u s i n g  b o t h  mapping techn iques  and i n t e n s i v e  gro3nd samp l ing .  Remote 
s e n s i n g  techn iques  a r e  d e f i n i t e l y  a p p l i c a b l e  t o  t h e  s t u d y  o f  a q u a t i c  
macrophytes and f u t u r e  work  w i l l  be under taken  t o  f u r t h e r  c o r r e l a t e  
imagery d a t a  w i t h  l a k e  e u t r o p h i c  s t a t e .  
SURFACE PARAMETERS OF LARGE BODIES OF WATER;'; 
The a p p l i c a t i o n  o f  Remote Sensing t o  t h e  measurement o f  t h e  Sur face  
Parameters o f  l a r g e  w a t e r  bod ies  i s  a  m u l t i d i s c i p l i n a r y  e f f o r t  suppor ted  
b y  t h e  N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  program and t h e  
U n i v e r s i t y  o f  W iscons in  Sea Grant  Program i n  c o n j u n c t i o n  w i t h  t h e  
U n i v e r s i t y  o f  W iscons in  Mar ine  S tud ies  Cen te r .  D u r i n g  t h e  p a s t  year  t h e  
2kDt-s. Theodore Green I11 and Rober t  A. Rago tzk ie ,  Co-Pr i  n c i  p a l  
I n v e s t i g a t o r s ,  Mar ine  S t u d i e s  Center .  
d i r e c t i o n  o f  t h i s  p r o j e c t  has been toward  d a t a  a c q u i s i t i o n  d u r i n g  t h e  
summer and p r e l i m i n a r y  ana lyses o f  t h i s  d a t a  d u r i n g  t h e  p a s t  f a l l .  
The two geograph ica l  a reas s t u d i e d  t h i s  p a s t  y e a r  were t h e  Southern  
Lake S u p e r i o r  c o a s t  a l o n g  t h e  Keweenaw Pen insu la  and t h e  Western Coas ta l  
Zone o f  Lake M i c h i g a n  w i t h  s p e c i a l  emphasis p laced  upon a  n u c l e a r  power 
p l a n t  nea r  Mani towoc,  W iscons in  ( F i g u r e  12) .  Thermal scanner d a t a  were 
a c q u i r e d  a t  5 o t h e r  power p l a n t s  a l o n g  t h e  c o a s t  i n  c o n j u n c t i o n  w i t h  t h e  
Wiscons in  Department o f  N a t u r a l  Resources.  
Lake Superior-Keweenaw C u r r e n t  Study 
The Keweenaw C u r r e n t  i s  t h e  dominant  ' f e a t u r e  o f  t h e  w a t e r  c i r c u l a t i o n  
i n  Lake S u p e r i o r .  T h i s  c u r r e n t  i s  analagous t o  t h e  G u l f  Stream i n  t h e  
A t l a n t i c  Ocean; a l t h o u g h  i t  v a r i e s  c o n s i d e r a b l y  i n  s t r e n g t h ,  i t  i s  
s t r o n g e s t  i n  t h e  l a t t e r  p a r t  o f  J u l y  and e a r l y  August .  From t h i s  s t u d y  
we hope t o - g e n e r a t e  a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  m i x i n g  processes o f  
near  sho re  c u r r e n t s  i n  l a r g e  b o d i e s  o f  w a t e r .  T h i s  p r o j e c t  p r o v i d e s  a  
u n i q u e  o p p o r t u n i t y  t o  d e v e l o p  methodology t o  s t u d y  a  m a j o r  c u r r e n t  o f  
v a r y i n g  magni tude w i t h  an emphasis upon t h e  c o a s t a l  w a t e r s  m i x i n g  i n t o  
t h e  l ake .  A  tho rough  u n d e r s t a n d i n g  o f  t h i s  m i x i n g  process i s  i m p e r a t i v e  
f o r  mak ing reasoned d e c i s i o n s  r e g a r d i n g  t h e  f u t u r e  l o c a t i o n  and d e s i g n  
o f  waste  p r o d u c t  o u t f a l l s ,  i n c l u d i n g  those  o f  a  thermal  n a t u r e .  To 
p r e s e r v e  t h e  p u r i t y  o f  o u r  c o a s t a l  w a t e r s ,  i t  i s  i m p o r t a n t  t h a t  waste  
p r o d u c t s  dumped i n t o  l a k e s  and oceans a r e  s p e e d i l y  d i l u t e d  t o  a  s a f e  
c o n c e n t r a t i o n .  
Exper iment  and R e s u l t s . -  I n  t h e  p a s t  t h i s  c u r r e n t  has been s t u d i e d  
u s i n g  a i r b o r n e  r a d i o m e t r i c  methods. I n  o u r  exper imen ts  t h i s  p a s t  summer 
we have used a  thermal  l i n e  scanner t o  map t h e  c u r r e n t  t empera tu re  and 
e x t e n t ,  and photogrammetr ic  t echn iques  t o  p r e c i s e l y  measure t h e  s u r f a c e  
v e l o c i t y  s t r u c t u r e  near  Eag le  Harbor ,  M ich igan .  F i g u r e  13  i s  a g r a p h i c  
r e p r e s e n t a t i o n  o f  t hese  r e s u l t s .  To measure t h e  v e l o c i t y ,  d r i f t  ca rds  
were d i s t r i b u t e d  i n  t h e  w a t e r  i n  l i n e s  p e r p e n d i c u l a r  t o  t h e  c o a s t .  
These were photographed f r o m  an a i r c r a f t  u s i n g  a  p r e c i s i o n  a e r i a l  mapping 
camera a p p r o x i m a t e l y  e v e r y  8 m inu tes  f o r  s e v e r a l  hou rs .  The measured 
pho to  c o o r d i n a t e s  were e n t e r e d  i n t o  a  computer and t h e  a c t u a l  ground 
c o o r d i n a t e s  as a  f u n c t i o n  o f  t i m e  were then  c a l c u l a t e d  f o r  t h e  d r i f t  
ca rds  u s i n g  photogrammetr ic  mode l i ng  techn iques .  The v e l o c i t y  s t r u c t u r e  
o f  t h e  c u r r e n t  was then  ca l cu la ted .  
The s imu l taneous  r a d i o m e t r i c  and thermal  l i n e  scann ing  used t o  map 
tempera tu re  d i s t r i b u t i o n s  and t h e  e x t e n t  o f  t h e  Keweenaw C u r r e n t  p r o v i d e  
a  measurement o f  r e l e v a n t  sma l l  s c a l e  parameters  wh ich  a r e  n o t  a v a i l a b l e  
by o t h e r  means and a r e  v i t a l  t o  t h e  i n v e s t i g a t i o n  o f  t h e  dynamic s t r u c t u r e  
o f .  l a k e  c u r r e n t s .  
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LAKE MICHIGAN COASTAL ZONE+: 
.The rma l  l i n e  scanner imagery  o f  a  p o r t i o n  o f  t h e  Western Coas ta l  
zone o f  Lake M i c h i g a n  was s c q u i r e d  i n  September 1971 on f o u r  c o n s e c u t i v e  
days .  We were m a i n l y  i n t e r e s t e d  i n  t h e  nea rsho re  c i r c u l a t i o n  and t h e  
s u r f a c e  d e t a i l s  o f  t h e  t h e r m a l  d i s c h a r g e s  o f  power p l a n t s  i n t o  t h e  l a k e .  
A  p rominen t  f e a t u r e  o f  t h e  t h e r m a l  imagery o f  t h e  c o a s t a l  zone i s  
t h e  r e l a t i v e l y  s h a r p  d e m a r c a t i o n  between t h e  c o l d  n e a r s h o r e  w a t e r  and 
t h e  warmer o f f s h o r e  w a t e r  (see F i g u r e  14 ) .  From s u p p o r t i n g  c o l o r  and 
c o l o r  I R  photography o f  t h e  c o a s t  ( f l o w n  b y  a  NASA RB 57  a t  60,000 f e e t ) ,  
we suspec t  t h a t  t h e r e  i s  n o t  o n l y  a  s h a r p  the rma l  g r a d i e n t  b u t  a l s o  a  
sha rp  d i s c o n t i n u i t y  i n  t h e  c o n c e n t r a t i o n s  o f  suspended s o l i d s  i n  t h e  
o f f s h o r e  w a t e r s  as i l l u s t r a t e d  i n  F i g u r e  15. Concu r ren t  w ind  d a t a  suggest  
t h a t  t h e s e  c o n t r a s t s  a r e  due t o  u p w e l l i n g ,  and t h a t  t h e  scanner  may be 
used t o  i n v e s t i g a t e  c o a s t a l  u p w e l l i n g  i n  l a k e s .  F i g u r e  16 d e p i c t s  t h e  
the rma l  imagery  o f  a  p o r t i o n  o f  t h e  c o a s t  f o r  t h e  t h r e e  s u c c e s s i v e  dsys .  
F u r t h e r  expe r imen ts  a r e  p lanned  t h i s  s p r i n g  and summer t o  c l o s e l y  m o n i t o r  
t h e  changes i n  t he rma l  s t r u c t u r e .  We p l a n  t o  measure t h i s  c o a s t a l  t he rma l  
s t r u c t u r e  e v e r y  few hou rs  t o  d e t e r m i n e  t h e  t i m e  s c a l e  o f  t h e  u p w e l l i n g  
and i t s  s e n s i t i v i t y  t o  t h e  w i n d  speed and d i r e c t i o n .  
Thermal imagery  o f  t h e  power p l a n t  d i s c h a r g e s  a l o n g  t h e  w e s t e r n  
c o a s t  o f  Lake M i c h i g a n  was o b t a i n e d  d u r i n g  t h e  same e x p e r i m e n t .  Emphasis 
was p l a c e d  on s t u d y i n g  t h e  P o i n t  Beach Nuc lea r  Power P l a n t  plume i n  
d e t a i l .  T h i s  p l a n t  i s  l o c a t e d  on Lake M i c h i g a n  a p p r o x i m a t e l y  f i v e  m i l e s  
n o r t h  o f  Two R i v e r s ,  W iscons in ,  and produces 500 megawatts o f  power 
w h i l e  o p e r a t i n g  a t  h a l f  c a p a c i t y .  A  t o t a l  o f  350,000 g a l l o n s  o f  hea ted  
w a t e r  i s  d i s c h a r g e d  each m i n u t e  i n t o  t h e  l a k e  nea r  sho re .  We a t t e m p t e d  
t o  measure b o t h  t h e  t h e r m a l  and v e l o c i t y  s t r u c t u r e s  o f  t h i s  p lume. 
Us ing  p r e c i s e  a n a l y t i c a l  pho tog rammet r i c  t e c h n i q u e s ,  t h e  p o s i t i o n s  
o f  many drogues a t  v a r i o u s  t imes  s e t  f o r  d i f f e r e n t  dep ths  were c a l c u l a t e d .  
F i g u r e  17  shows t h e  r e s u . l t s  o f  a n a l y z i n g  one o f  t h e  s e v e r a l  e x p e r i m e n t a l  
runs  o v e r  t h i s  plume. 
F i g u r e  18 shows a the rma l  l i n e  scanner  image o f  t h e  P o i n t  Beach 
Power P l a n t  t he rma l  plume. To us, t h e  most i n t e r e s t i n g  f e a t u r e s  o f  t h i s  
t he rma l  p i c t u r e  a r e  t h e  the rma l  f r o n t s  mov ing c o n c e n t r i c a l l y  ou tward  f r o m  
t h e  o u t f a l l  i n  a  w a v e - l i k e  f a s h i o n .  S ince  we have t h e r m a l  p i c t u r e s  o f  
t h e  plume e v e r y  f i v e  m i n u t e s ,  we can  f o l l o w  each o f  t h e  f r o n t s  as i t  
moves ou tward .  From t h i s  ( n e g l e c t i n g  t u r b u l l e n t  m i x i n g )  we may e s t i m a t e  
t h e  v e l o c i t y  s t r u c t u r e  o f  t h e  plume. 
$:Drs. Theodore Green 111, Rober t  A. R a g o t z k i e ,  and Paul R .  Wo l f ,  
Co- P r i n c i  pa 1 I n v e s t i g a t o r s  , M a r i n e  S t u d i e s  Cen te r  and Dept .  o f  C i v i  1 



















































































































































































































POINT I(A(N NUCLEAR POWER PlANT 
DISCHARGE VELOCITY STUDY 
46' --. CONTROL POINT 
Figure 17.- Graphic representation of drogue positions 

























































F i g u r e  19 shows a  schemat ic  o f  t h e  plume v e l o c i t y  s t r u c t u r e .  T h i s  
i s  a  p r e l i m i n a r y  a n a l y s i s  based upon t r a c i n g s  o f  s u c c e s s i v e  thermal  
f r o n t s  f rom p r o j e c t i o n s  o f  t h e  thermal  imagery .  D i g i t i z e d  i n f o r m a t i o n  
f rom t h i s  thermal  imagery  has been ana lyzed  and F i g u r e  20 i l l u s t r a t e s  
t h e  tempera tu re  c o n t o u r s  o f  t h i s  plume a t  t h e  same t i m e  as t h e  v e l o c i t y  
s t r u c t u r e  shown i n  F i g u r e  19. 
F i g u r e  21 shows t h e  same plume, b u t  was f l o w n  a t  5000 f e e t .  Wave- 
l i k e  thermal  f r o n t s  e x t e n d  s e v e r a l  m i l e s  s o u t h  o f  t h e  p l a n t  b u t  a r e  b y  
no means u n i q u e  t o  t h e  P o i n t  Beach power p l a n t .  F i g u r e  22 shows a  
s i m i l a r  s t r u c t u r e  a t  t h e  power p l a n t  near  Sheboygan, Wiscons in .  We have 
reason t o  suspec t  t h a t  t h e s e  thermal  f r o n t s  a r e  n o t  j u s t  s u r f a c e  
phenomena. F i g u r e  23 d e p i c t s  a  r e c o r d i n g  o f  t h e  tempera tu re  a t  a  f i x e d  
p o i n t  i n  t h e  m i d d l e  o f  t h e  P o i n t  Beach plume a t  a  d e p t h  o f  6 f e e t .  The 
p e r i o d i c  v a r i a t i o n  o f  2 t o  ~ O C  may i n d i c a t e  t h e  passage o f  a  the rma l  
f r o n t .  Plans a r e  now underway t o  e r e c t  a  permanent p l a t f o r m  i n  t h e  plume 
w i t h  t h e  c a p a b i l i t y  o f  r e c o r d i n g  t h e  tempera tu re  a t  many dep ths  as w e l l  
as t h e  v e l o c i t y  o f  t h e  c u r r e n t .  
ADDITIONAL RELATED RESEARCH 
APPLICATION OF REMOTE SENSING TO HYDROGEOLOGY* 
I n  c o n t i n u a t i o n  o f  o u r  r e s e a r c h  on t h e  a p p l i c a t i o n  o f  remote s e n s i n g  
i n  t h e  e v a l u a t i o n  o f  s h a l l o w  ground w a t e r  f l o w  systems, two l a n d f i l l  
s i t e s  i n  t h e  c i t y  o f  Madison, Wiscons in ,  were o v e r f l o w n  w i t h  a  Daedalus 
thermal  scanner and PRT-5 (8-14y) a t  a l t i t u d e s  between 1600-1800 f e e t .  
S i m u l t a n e o u s l y  w i t h  t h e  the rma l  f 1 i g h t s ,  ground t r u t h  i n f o r m a t i o n  was 
ga the red  and t h e  d a t a  o b t a i n e d  a r e  now b e i n g  c o r r e l a t e d  w i t h  t h e  imagery  
o b t a i n e d  by  t h e  the rma l  sensor .  An a n a l y s i s  i s  b e i n g  made o f  such 
mask ing e f f e c t s  as :  . v e g e t a t i o n  and c o l o r  o f  s o i l s ;  d e p t h  t o  t h e  w a t e r  
t a b l e ;  topography;  d i u r n a l  s o i l  t empera tu re  v a r i a t i o n s ;  h e a t  c o n d u c t i o n  
o r i g i n a t e d  by  t h e  decompos i t i on  o f  t h e  r e f u s e .  E x t e n s i v e  ground w a t e r  
f l o w  system e v a l u a t i o n s ,  b o t h  p h y s i c a l  and chemica l ,  had a l r e a d y  been 
accompl ished a t  t hese  two s i t e s  u s i n g  c o n v e n t i o n a l  ground based techn iques .  
Our r e s e a r c h  s o  f a r  has l e d  t o  t h e  c o n c l u s i o n  t h a t  remote sensed 
thermal  imagery (8-14p) can be a  v a l u a b l e  t o o l  i n  r a p i d  reconna issance  
o f  ground w a t e r  d i s c h a r g e  i n t o  s u r f a c e  w a t e r  b o d i e s .  I n  p a r t i c u l a r ,  
t h e  c o l o r  s e p a r a t i o n  p r o c e s s i n g  o f  o r i g i n a l  a n a l o g  d a t a  f rom magne t i c  
tape  c o r r e s p o n d i n g  t o  the rma l  l e v e l s  has shown i t s e l f  t o  be e s p e c i a l l y  
u s e f u l .  D e s p i t e  t h e  abundance o f  mask ing e f f e c t s ,  p r i n c i p a l l y  v e g e t a t i o n ,  
!?Dr. Dav id  A. Stephenson, P r i n c i p a l  I n v e s t i g a t o r ,  A s s o c i a t e  P r o f e s s o r  o f  












































































































































































































































































































































































s p r i n g s  d i s c h a r g i n g  i n t o  Wingra Creek, wh ich  b o r d e r s  t h e  O l i n  Avenue 
l a n d f i l l  s i t e ,  were d e t e c t e d  i n  t h e  " c o l o r  separa ted"  imagery .  The 
"normal b l a c k  and w h i t e  the rma l  image" f a i l s  t o  r e v e a l  t o  t h e  naked 
eye these  s p r i n g s .  They c o u l d  o n l y  be d e t e c t e d  w i t h  t h e  t ime-consuming 
use o f  a  scann ing  d e n s i t o m e t e r .  
Whether thermal  sensors  (8-14b) can h e l p  i n  l o c a t i n g  ground w a t e r  
d i s c h a r g e  zones w i l l  depend p r i n c i p a l l y  on t h e  t y p e  o r  absence o f  
v e g e t a t i v e  c o v e r ,  and on t h e  t i m e  o f  t h e  y e a r .  F r o m . t h e  p o i n t  o f  v iew  
o f  r e d u c i n g  t h e  mask ing e f f e c t s  o f  v e g e t a t i o n ,  e a r l y  s p r i n g ,  o r  whenever 
t h e  s p r i n g  thaw occu rs ,  seems t o  be t h e  b e s t  p e r i o d  o f  t h e  y e a r .  The 
r e d u c t i o n  i n  v e g e t a t i v e  cove r  e f f e c t s  w i l l  p r o b a b l y  compensate f o r  t h e  
f a c t  t h a t  t h e  c o n t r a s t  between s u r f a c e  and ground w a t e r  tempera tu res  
i s  s m a l l e r  t han  i n  t h e  summer o r  w i n t e r .  
The p o s s i b i l i t y  t h a t  t h e  remote sensors  i n v e s t i g a t e d  -- the rma l  IR, 
c o l o r  and i n f r a r e d  c o l o r  f i l m  --  can be used f o r  t h e  e v a l u a t i o n  o f  
d i f f e r e n t  q u a l i t y  qround w a t e r  d i s c h a r q e s  i n t o  s u r f a c e  w a t e r  bod ies '  i s  
v e r y  s m a l l .  I n  t h e  two l a n d f i l l  s i t e s  s t u d i e d ,  t h e  w a t e r  t h a t  i n f i l t r a t e s  
i n t o  t h e  r e f u s e  and i s  l a t e r  d i s c h a r g e d  i n t o  a d j a c e n t  s u r f a c e  w a t e r  
bod ies  i s  t o o  d i l u t e d  t o  be d e t e c t a b l e  by  p r e s e n t  a v a i l a b l e  remote 
sensors ;  i n  f a c t ,  i t  i s  even d i f f i c u l t  t o  d e t e c t  u s i n g  c o n v e n t i o n a l  
ground based i n s t r u m e n t s .  The p o s s i b i l i t y  t h a t  t h e  w a t e r  t h a t  i n f i l -  
t r a t e s  i n t o  t h e  r e f u s e  becomes warmer and would  t h e r e f o r e  be d e t e c t a b l e  
when d i s c h a r g e d  i n t o  a  s u r f a c e  w a t e r  body seems t o  be r a t h e r  l i m i t e d ,  
s i n c e  much o f  t h e  h e a t  conducted by  t h e  ground w a t e r  a l o n g  i t s  " f l o w  
l i n e 1 '  has p r o b a b l y  been d i s s i p a t e d  b y  t h e  t i m e  i t  i s  d i s c h a r g e d  i n t o  
a  s u r f a c e  w a t e r  body. 
DETERMINATION OF OIL FILM THICKNESSES 
USING REMOTE SENSING TECHNIQUES" 
The purpose o f  t h e  s t u d y  was t o  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  
measur ing  t h e  d e p t h  o f  an o i l  s l i c k  by emp loy ing  Remote Sensing t e c h -  
n i q u e s .  A  c o n s t r a i n t  imposed was: t h a t  t h e  m a t e r i a l s  and equipment 
used be e a s i l y  o b t a i n a b l e ,  i n e x p e n s i v e  and f a i r l y  s i m p l e  t o  use.  
Because o f  t h i s  c o n s t r a i n t  t h e  p h o t o g r a p h i c  p o r t i o n ,  0.375 m ic rons  t o  
0.800 m ic rons ,  o f  t h e  e l e c t r o m a g n e t i c  spect rum was chosen f o r  use i n  
t h e  s t u d y .  A  t h r e e  camera bank was u t i l i z e d  so  t h a t  s imu l taneous  
photographs c o u l d  be made w i t h  t h e  t h r e e  f i l m  and f i l t e r  comb ina t ions  
s e l e c t e d  f o r  s t u d y .  Agfachrome CT--18, no f i l t e r ;  Kodak Ektachrome-X, 
exposed t h r o u g h  a  p o l a r i z i n g  f i l t e r  t u r n e d  t o  maximum p o l a r i z a t i o n ;  and 
;:-Dr. James P. Scherz, P r i n c i p a l  I n v e s t i g a t o r ,  D e ~ a r t m ~ n t  o f C i v i  1 and 
Env i ronmenta l  E n g i n e e r i n g  and I n s t i t u t e  f o r  -Env i ronmenta l  S t u d i e s .  
Kodak I n f r a r e d  Aero  F i l m ,  Type 8443, exposed t h r o u g h  a  #15 Wra t ten  
f i l t e r ,  were t h e  comb ina t i ons  chosen.  
Photographs were taken  on a  b r i g h t ,  c l e a r  day and on a  c l o u d y ,  
o v e r c a s t  day t o  see what a f f e c t  t hese  c o n d i t i o n s  wou ld  have on t h e  
f i n a l  r e s u l t s  and t o  a l s o  see i f  t h e  p rocedure  had an a l l  weather  c a p a b i l -  
i t y .  A  hoop was f l o a t e d  on t h e  s u r f a c e  o f  Lake Monona i n  Madison and 
f i l l e d  w i t h  v a r y i n g  amounts o f  o i l .  Each s u c c e s s i v e  d e p t h  o f  o i l  was 
t h e n  photographed u s i n g  t h e  t h r e e  camera bank.  The hoop was used as 
t h e  r e f l e c t a n c e  s t a n d a r d  a g a i n s t  w h i c h  r e f l e c t a n c e  va lues  f o r  t h e  
i n c r e a s i n g  dep ths  o f  o i l  were compared. T h i s  gave a  p e r c e n t  r e f l e c -  
t a n c e  v a l u e  w h i c h  c o u l d  be p l o t t e d  a g a i n s t  wave leng th  f o r  each d i f f e r -  
e n t  d e p t h  o f  o i l .  The p e r c e n t  r e f l e c t a n c e  r e a d i n g s  were o b t a i n e d  by  
a n a l y z i n g  t h e  t r a n s p a r e n c i e s  deve loped f r o m  t h e  t h r e e  f i l m s .  The 
equipment u t i l i z e d  was a  Gamma Scann ing M i c r o d e n s i t o m e t e r  Assembly 
Model 700-10-80 and a  Gamma S c i e n t i f i c  Model 2020 Spec t ropho tomete r .  
I t  was hoped t h a t  a  c o r r e l a t i o n  between p e r c e n t  r e f l e c t a n c e  and o i l  
d e p t h  c o u l d  be found t h a t  wou ld  e n a b l e  an i n t e r p r e t e r  t o  a c c u r a t e l y  
e s t i m a t e  t h e  d e p t h  o f  an o i l  s l i c k .  
A n a l y s i s  o f  t h e  t r a n s p a r e n c i e s  o b t a i n e d  showed, t h a t  f o r  t h e  o i l  
used, M o b i l  O i l ,  20W, and a c c u r a t e  e s t i m a t i o n  o f  a  s l i c k ' s  d e p t h  can 
be made. The two f i l m  and f i l t e r  c o m b i n a t i o n  w i l l  enab le  an i n v e s t i g a t o r  
t o  s e c u r e  r e l i a b l e  r e s u l t s  no  m a t t e r  what  t h e  sky  c o n d i t i o n s  a r e  a t  t h e  
s i t e  o f  t h e  s p i l l .  G e n e r a l l y ,  on a  b r i g h t  day,  Agfachrome CT-18 f i l m s ,  
no  f i l t e r ,  w i l l  p r o v e  t h e  most  u s e f u l  f o r  d e t e c t i n g  and d e l i n e a t i n g  t h e  
s l i c k  v i s u a l l y .  Ektachrome-X f i l m ,  exposed t h r o u g h  a  p o l a r i z i n g  f i l t e r  
d i d  n o t  y i e l d  m e a n i n g f u l  r e s u l t s .  Kodak I n f r a r e d  Aero  F i l m ,  Type 8443, 
w i l l  p r o v i d e  t h e  b e s t  c o r r e l a t i o n  between r e f l e c t a n c e  r e a d i n g s  and o i l  
dep ths  d u r i n g  t h e  machine a n a l y s i s  o f  t h e  t r a n s p a r e n c i e s .  On a  c l o u d y  
day,  a l l  t h r e e  f i l m s  w i l l  s h a r p l y  d e l i n e a t e  t h e  e x t e n t  o f  t h e  s p i l l  
v i s u a l l y .  The i n f r a r e d  f i l m  w i l l  a g a i n  be t h e  b e s t  f i l m  f o r  p r o v i d i n g  
t h e  c o r r e l a t i o n  between p e r c e n t  r e f l e c t a n c e  and t h e  d e p t h  o f  t h e  o i l  
s p i l l  d u r i n g  machine a n a l y s i s .  The agfachrome f i l m  can p r o v i d e  a  
check  on t h e  d e p t h  o f  t h i n  o i l  f i l m s .  The Ektachrome-X p roved  t o  be 
o f  l i t t l e  v a l u e .  
USE OF REMOTE SENSING TO IDENTIFY 
HYDROLOGICALLY ACTIVE SOURCE AREAS+< 
Hydro logy ,  by t h e  most  accepted d e f i n i t i o n ,  i s  a  d i s c i p l i n e  d e a l i n g  
w i t h  t h e  o r i g i n ,  p r o p e r t i e s ,  movement and d i s t r i b u t i o n  o f  w a t e r  on and 
benea th  t h e  s u r f a c e  o f  t h e  e a r t h .  A p p l i c a t i o n  o f  remote s e n s i n g  t e c h -  
Wr. Dafe D .  H u f f ,  P r i n c i p a l  I n v e s t i g a t o r ,  Department  o f  C i v i l  and 
Env i ronmen ta l  E n g i n e e r i n g .  
niques t o  hydro logy  shou ld  t h e r e f o r e  be a  process by which c h a r a c t e r i s -  
t i c s  o f  o b j e c t s  connected w i t h  t he  o r i g i n ,  p r o p e r t i e s ,  movement and 
d i s t r i b u t i o n  o f  wa te r  on and beneath t he  su r f ace  o f  t h e  e a r t h  a r e  
ob ta ined  w i t h o u t  p h y s i c a l l y  touch ing  them. 
A rev iew o f  t h e  a v a i l a b l e  l i t e r a t u r e  i n d i c a t e s  t h a t  i n f r a r e d  photo- 
graphy and thermal imagery have been used f a i r l y  e x t e n s i v e l y  i n  ground 
water  e x p l o r a t i o n s  and water  q u a l i t y  s t ud ies .  A t  t he  p resen t  t ime ,  
however, t h e r e  has been l i t t l e  o r  no e f f o r t  made t o  determine parameters 
o f  t h e  h y d r o l o g i c a l  c y c l e  u s i n g  remote sens ing techniques. 
I n  t h e  recen t  pas t  a  new idea c a l l e d  t he  "source area concept"  has 
been added t o  t h e  s tudy  o f  r u n o f f  hydro logy.  Proposed by Hew le t t  i n  
1961 as a  b e t t e r  way t o  i n t e r p r e t  and e x p l a i n  s torm and base f l ows  f rom 
f o r e s t e d  watersheds, t h i s  concept has now gained some headway through 
t he  e f f o r t s  o f  many engineers  ,and h y d r o l o g i s t s  i n  a p p l y i n g  i t  t o  l o c a l  
s i t u a t i o n s .  Whi le  o u t l i n i n g  t h i s  concept as i t  i s  known today, t h i s  
research i s  ana l yz i ng  the  p o s s i b i l i t y  o f  u s i n g  remote sens ing techniques 
f o r  l o c a t i n g  such source areas. 
Successful  i d e n t i f i c a t i o n  o f  these h y d r o l o g i c a l l y  " ac t i ve "  areas 
by means o f  remote sens ing techniques w i l l  no t  o n l y  h e l p  i n  deve lop ing  
a  more accu ra te  " r u n o f f  gene ra t i on  model" bu t  w i l l  a l s o  have numerous 
uses i n  t h e  f o l l o w i n g  f i e l d s  o f  s t u d i e s :  ( I )  Water q u a l i t y ;  (2)  Water 
and land management; and ( 3 )  Eros i o n  and so i  l conserva t ion .  
CONCLUSIONS 
Based upon t h e  r e s u l t s  o f  t he  pas t  years '  research e f f o r t  by t h e  
U n i v e r s i t y  o f  Wiscons in 's  Remote Sensing Program, t h e  f o l l o w i n g  con- 
c l u s i o n s  were reached concern ing  t h e  a p p l i c a t i o n s  o f  remote sens ing 
t o  wa te r  resources problems. 
1 .  Remote sens ing methods p r o v i d e  t he  most p r a c t i c a l  method o f  
o b t a i n i n g  da ta  f o r  many wate r  resources problems. 
2.  E f f e c t i v e  use o f  remote sens ing research funds can be ach ieved 
by. coope ra t i ve  e f f o r t s  w i t h  o the r  env i ronmenta l  research e f f o r t s  
and agencies.  
3. The m u l t i - d i s c i p l i n a r y  approach i s  e s s e n t i a l  t o  t h e  e f f e c t i v e  
a p p l i c a t i o n  o f  remote sens ing t o  water  resource problems. 
4. There i s  a  c o r r e l a t i o n  between the  amount o f  suspended s o l i d s  i n  
an e f f l u e n t  d ischarged  i n t o  a  wa te r  body and r e f l e c t e d  energy. 
However, bo t tom e f f e c t s  may mask t h e  s i g n a l  i f  no t  p r o p e r l y  
accounted f o r .  
5 .  Remote sens ing p rov ides  f o r  more e f f e c t i v e  and accu ra te  mon i t o r -  
ing,  d i s cove ry  and c h a r a c t e r i z a t i o n  o f  t he  m i x i n g  zone o f  
e f f l u e n t  d ischarged i n t o  a  r e c e i v i n g  wate r  body. 
6. I t  i s  p o s s i b l e  t o  d i f f e r e n t i a t e  between b l u e  and b lue-green a lgae  
by compar ing t h e  r a t i o s  o f  r e f l e c t e d  l i g h t  a t  0.650 m ic rons  and 
0.6250 m i c r o n s .  
7 .  The r e f l e c t a n c e  a t  0.550 m ic rons  i s  a p p r o x i m a t e l y  h a l v e d  f o r  each 
d o u b l i n g  o f  a l g a e  Se lenast rum and Anabaena c o n c e n t r a t i o n .  However, 
t h i s  e f f e c t  i s  masked by t u r b i d i t y .  
8. M u l t i b a n d  photography p r o v i d e s  f o r  r a p i d  mapping o f  a q u a t i c  
macrophytes . 
9. S imul taneous r a d i o m e t r i c ,  photogrammetr ic ,  and thermal  l i n e  
scann ing  can be used t o  p r o v i d e  measurement o f  r e l e v a n t  parameters  
w h i c h  a r e  n o t  a v a i l a b l e  by  o t h e r  means and a r e  v i t a l  t o  t h e  i n -  
v e s t i g a t i o n  o f  t h e  dynamic s t r u c t u r e  o f  l a k e  c u r r e n t s .  
10. The v e l o c i t y  s t r u c t u r e  o f  some thermal  plumes may be o b t a i n e d  
f rom s e q u e n t i a l  t he rma l  imagery b y  t r a c i n g  t h e  p r o p a g a t i o n  o f  
t he rma l  f r o n t s  i n  t h e  plume. 
1 1 .  I t  i s  u n l i k e l y  t h a t  photography o r  t he rma l  I R  can be used t o  
e v a l u a t e  t h e  q u a l i t y  o f  ground w a t e r  d i s c h a r g e s  i n t o  s u r f a c e  w a t e r  
b o d i e s  . 
12. Kodak I n f r a r e d  Aero  F i l m ,  Type 3443 can be used t o  o b t a i n  
a c c u r a t e  e s t i m a t e s  o f  o i l  s l i c k  d e p t h  f o r  M o b i l  O i l ,  20W. 
SECTION 47 
DIFFERENTIATING ELEMENTS OF THE 
SOIL-VEGETATION COMPLEX* 
M.F. Baumgardner and S t a f f  
Laboratory f o r  Appl ica t ions  of Remote Sensing ( LPLRS) 
Purdue Univers i ty  
West Lafaye t te  , Indiana 
One of t h e  most e x c i t i n g  prospec ts  i n  t h e  a p p l i c a t i o n  of  remote sens- 
i n g  technology i s  t h a t  of i d e n t i f y i n g ,  c h a r a c t e r i z i n g ,  measuring, and 
mapping d i f f e r e n t  elements of t h e  so i l -vege ta t ion  complex. Important 
elements i n  t h i s  complex inc lude  s o i l  p r o p e r t i e s ,  p l a n t  s p e c i e s ,  and t h e  
condi t ions  of bo th  s o i l s  and p l a n t s .  
one of t h e  problems i n  t h e  use of remote sens ing  t o  s tudy t h e  s o i l -  
vege ta t ion  complex i s  t h e  q u a n t i f i c a t i o n  and p r e c i s e  l o c a t i o n  of  ground 
observa t ion  d a t a  such t h a t  it can be c o r r e l a t e d  with m u l t i s p e c t r a l  d a t a  
a c q ~ i i r e d  from aerospace p la t forms.  A technique which has been found t o  
be very e f f e c t i v e  i n  r e l a t i n g  p r e c i s e l y  t h e s e  two sources of d a t a  involves 
t h e  gr idding  and sampling of an a r e a  t o  be s t u d i e d  such t h a t  t h e  exac t  
l o c a t i o n  where s o i l  o r  p l a n t  samples a r e  obta ined  can be r e l a t e d  pre-  
c i s e l y  t o  a  known address  on a  magnetic t a p e  conta in ing  m u l t i s p e c t r a l  
scanner d a t a  of  t h e  a r e a .  , Once t h i s  has been accomplished, a n a l y t i c a l  
da t a  ( p o u n d  obse rva t ions )  of each s o i l  o r  p l a n t  sample from a  s p e c i f i c  
g r i d  po in t  can be  examined and r e l a t e d  t o  q u a n t i t a t i v e  m u l t i s p e c t r a l  d a t a  
from an a i rbo rne  scanner  corresponding t o  t h e  app ropr i a t e  address  o r  
l o c a t i o n  on t h e  magnetic t a p e .  
For t h e  p a s t  two years  t h i s  approach has been used a t  Purdue Uni- 
v e r s i t y  t o  determine i f  a  c o r r e l a t i o n  e x i s t s  between t h e  m u l t i s p e c t r a l  
c h a r a c t e r i s t i c s  of  a  r e s o l u t i o n  element o r  scene and var ious  physico- 
chemical parameters w i th in  t h e  so i l -vege ta t ion  complex of t h a t  scene.  
These techniques were used i n  a  s tudy  of s o i l s  and crops i n  a 60-hectare 
f i e l d  i n  Tippecanoe County, Ind iana  (F igure  1). This a r e a  known as  S o i l  
Test  Area 6 (STA 6 ) ,  i s  made up of s o i l s  formed under t a l l  p r a i r i e  g ra s s  
vege ta t ion .  A comparison of t h e  photograph ( ~ i ~ u r e  l a ) wi th  t h e  s o i l s  
map (Figure l b )  shows a  c lo se  s i m i l a r i t y  of s o i l s  p a t t e r n s .  
*In t h i s  paper ,  r e s u l t s  from a  number of s t u d i e s  a r e  summarized; 
r e sea rche r s  a r e  i d e n t i f i e d  i n  t h e  Acknowledgment s e c t i o n .  
One of t h e  s o i l  parameters t h a t  c o r r e l a t e d  we l l  with s p e c t r a l  
response was organic  mat te r  conten t .  The c o r r e l a t i o n  c o e f f i c i e n t  between 
organic mat te r  content  and m u l t i s p e c t r a l  response f o r  d a t a  from approxi- 
mately 200 g r i d  po in t s  was 0.70. Grid p o i n t s  wi th  known organic mat te r  
con ten t s  were used a s  t h e  t r a i n i n g  s e t  f o r  computer-implemented a n a l y s i s  
of t h e  m u l t i s p e c t r a l  d a t a  and f o r  t h e  genera t ion  of a  s p e c t r a l  map of 
four  l e v e l s  o r  organic  mat te r  content  (F igure  2 )  
Although t h e  c o r r e l a t i o n s  between m u l t i s p e c t r a l  response and both 
e x t r a c t a b l e  s o i l  phosphorus and exchangeable s o i l  potassium were low, d i s -  
t i n c t  s o i l  o r  s p e c t r a l  p a t t e r n s ,  r ep re sen t ing  d i f f e r e n t  l e v e l s  of s o i l  
P and s o i l  K ,  were produced when a n a l y t i c a l  va lues  from t h e  g r i d  po in t s  
were used as  t r a i n i n g  s e t s  t o  produce computer-implemented maps of s o i l  
phosphorus and s o i l  potassium (Figure  3 ) . 
I n  1970 t h e  nor thern  t h i r d  of STA 6 was p lan ted  i n  corn and t h e  
southern two t h i r d s  i n  soybeans. Corn and soybean l e a f  samples were 
obta ined  a t  s p e c i f i c  g r i d  po in t s  i n  August, 1970, t h e  day on which mul t i -  
s p e c t r a l  d a t a  were obta ined  by t h e  Univers i ty  of Michigan a i r c r a f t  
scanner .  Grid po in t s  where p l a n t  n u t r i e n t  (N,P,K) contents  were known 
were used a s  t h e  t r a i n i n g  s e t s  f o r  computer-implemented ana lys i s  and map- 
p ing  of p l an t  n i t r o g e n ,  p l an t  phosphorus, and p l a n t  potassium ( ~ i g u r e  4 ) .  
S p e c t r a l  d a t a  were used t o  produce maps d e l i n e a t i n g  t h r e e  l e v e l s  of N f o r  
corn and t h r e e  l e v e l s  of N f o r  soybeans ( ~ i g u r e  4 ~ ) ;  t h r e e  l e v e l s  of  P 
f o r  corn and t h r e e  l e v e l s  of  P f o r  soybeans ( ~ i ~ u r e  4~); and t h r e e  l e v e l s  
of K f o r  corn and two f o r  soybeans ( ~ i ~ u r e  4 ~ ) .  
Although s t a t i s t i c a l  a n a l y s i s  d i d  not  produce a  high c o r r e l a t i o n  
between s p e c t r a l  d a t a  and p l an t  content  of N, P ,  and K ,  d e f i n i t e  s p e c t r a l  
p a t t e r n s  were produced. Before v a l i d  conclusions can be drawn from an 
experiment wi th  dynamic systems, such a s  p l a n t  n u t r i t i o n a l  s t a t u s ,  t h e  
experiment must be conducted over a  number of years  and under a  v a r i e t y  
of geographica l ,  c l i m a t i c ,  and environmental cond i t i ons .  P l an t  n u t r i -  
t i o n a l  and s p e c t r a l  response s t u d i e s  a r e  cont inuing a t  LARS. 
I f  it becomes poss ib le  t o  use  remote sens ing  t o  c h a r a c t e r i z e  crop 
condi t ions  through t h e  growing season ,  c rop  y i e l d  p r e d i c t i o n  c a p a b i l i t i e s  
may be improved. A p re l iminary  y i e l d  s tudy was conducted i n  STA 6 .  
Yield samples were obtained a t  s p e c i f i c  g r i d  p o i n t s .  S p e c t r a l  d a t a  
r e l a t i n g  t o  d i f f e r e n t  y i e l d  l e v e l s  a t  t h e  g r i d  po in t s  were used as  t h e  
t r a i n i n g  s e t  f o r  computer-implemented a n a l y s i s  and product ion of  t h e  corn 
y i e l d  map ( ~ i ~ u r e  5A) and t h e  soybean y i e l d  map (~igure 5~). These 
r e s u l t s  a r e  pre l iminary  and were conducted i n  a  very l i m i t e d  a r e a .  Such 
s t u d i e s  must be conducted through s e v e r a l  growing seasons and under a  
v a r i e t y  of  condi t ions  before  it can conclus ive ly  be s t a t e d  t h a t  y i e l d s  
can be r e l a t e d  t o  m u l t i s p e c t r a l  response.  
These s t u d i e s  opened up a number of very i n t e r e s t i n g  problems. One 
of t hese  r e l a t e s  t o  t h e  mechanism o r  technique of gr idding .  How i s  a 
p rec i se  g r i d  poin t  l o c a t e d  i n  t h e  scanner  d a t a ?  I s  t h i s  important?  I n  
t h e  f i r s t  a t tempt  t o  match t h e  a n a l y t i c a l  ground d a t a  from t h e  a r r a y  of 
g r i d  po in t s  with s p e c t r a l  d a t a  from an a r r a y  of addresses  on t h e  magnetic 
t a p e ,  t h e  geometric d i s t o r t i o n  inherent  i n  t h e  scanner was not cons idered .  
In  a second c o r r e l a t i o n  a n a l y s i s ,  geometric co r r ec t ions  were made which 
gave a much more p r e c i s e  matching of ground da ta  po in t s  and addresses  on 
t h e  magnetic t a p e .  Great improvements were achieved i n  t h e  c o r r e l a t i o n  
c o e f f i c i e n t  v a l u e s ,  i n  one case  an improvement i n  r2 from 0.38 t o  0.72 i n  
a s tudy of t h e  c o r r e l a t i o n  between s o i l  organic  mat te r  content  and spec- 
t r a l  response.  
Another important ques t ion  which has been considered i s :  What i s  
t h e  b e s t  a r r a y  o f  s p e c t r a l  channels ( o r  wavelengths) f o r  measuring o r  
mapping a p a r t i c u l a r  su r f ace  f e a t u r e ?  I n  response t o  t h i s  quest ion a 
s tudy was conducted t o  determine t h e  b e s t  po r t ion  of t h e  r e f l e c t i v e  spec- 
trum f o r  d e l i n e a t i n g  d i f f e r e n t  l e v e l s  of  s o i l  organic  mat te r  by remote 
sens ing  techniques .  M u l t i s p e c t r a l  scanner d a t a  obtained i n  May 1969 
and May 1970 over t h r e e  s o i l  t e s t  a r eas  (STA 4, 5 and 6 )  were used i n  t h i s  
s tudy .  Each of t h e  s o i l  t e s t  a r eas  was gr idded ,  and organic  mat te r  
content  was determined f o r  t h e  su r f ace  s o i l  sample taken a t  each of t h e  
500 g r i d  p o i n t s .  The b e s t  channel ( o r  wavelength band) o r  b e s t  a r r a y  of 
channels of s p e c t r a l  d a t a  f o r  e s t ima t ing  organic  mat te r  conten t  was s e l e c -  
t e d  by two computer programs. One method i s  based on t h e  s tepwise r eg re s -  
s ion  p r i n c i p l e ;  t h e  o t h e r  i s  a LARS- developed program f o r  channel 
s e l e c t i o n  based on divergence ( 1). Data from t h i r t e e n  s p e c t r a l  channels 
i n  t h e  v i s i b l e  and r e f l e c t i v e  i n f r a r e d  reg ions  of t h e  e lec t romagnet ic  
spectrum were used st able 1) . 
Based on previous experience i n  channel s e l e c t i o n ,  channels 5 ,  7 ,  8 ,  
and 10 were chosen f o r  a s p e c i a l  s tudy .  Various combinations of t h e s e  
fou r  channels have a s i g n i f i c a n t  e f f e c t  on t h e  c o r r e l a t i o n  of r e f l e c t a n c e  
with s o i l  organic  mat te r  content   able 2 ) .  
Horvath and Baumgardner ( 2 ) concluded from t h i s  s tudy  t h a t :  
1. There i s  a high c o r r e l a t i o n  between s o i l  r e f l e c t a n c e  and 
s o i l  organic  m a t t e r .  
2 .  Se l ec t ion  and number of m u l t i s p e c t r a l  channels used had a 
profound in f luence  on t h i s  c o r r e l a t i o n .  
3 .  The b e s t  combination of t h r e e  channels gave s u p e r i o r  cor re-  
l a t i o n s  over t hose  of t h e  b e s t  two channels .  
4. In  some cases  f o u r  channels gave supe r io r  c o r r e l a t i o n s  over 
t hose  of t h e  b e s t  t h r e e  channels ;  f i v e  o r  more channels seldom 
improve r2 values over t hose  obtained wi th  t h r e e  o r  fou r  b e s t  
channels .  
5 .  There i s  no s i n g l e  b e s t  a r r a y  of s p e c t r a l  channels f o r  computer- 
implemented mapping of s o i l  organic  matter  under a  wide v a r i e t y  
of  condi t ions  and l o c a t i o n s .  
A ques t ion  c l o s e l y  r e l a t e d  t o  t h a t  of  channel s e l e c t i o n  i s :  What i s  
t h e  optimum s i z e  of t r a i n i n g  s e t s  i n  o rde r  t o  ob ta in  t h e  b e s t  c o r r e l a t i o n  
between m u l t i s p e c t r a l  response and a  p a r t i c u l a r  parameter of an e a r t h  
su r f ace  f e a t u r e .  I n  t h i z  case s o i l  o rganic  mat te r  content  was s e l e c t e d  
as  t h e  parameter t o  be used. For t h e  l i m i t e d  a r e a  and condi t ions  under 
which t h i s  s tudy  was conducted, it was found t h a t  i nc reas ing  t h e  s i z e  of  
t h e  t r a i n i n g  s e t  ( t h e  number o f  scanner  r e s o l u t i o n  elements around each 
f i e l d  g r i d  po in t  t o  be used t o  t r a i n  t h e  computer) up t o  an opt imal  s i z e  
improved t h e  c o r r e l a t i o n  between r e f l e c t a n c e  and organic  matter  conten t  
 a able 3 ) .  
Roth and Baumgardner ( 3 ) concluded from t h i s  s tudy t h a t :  
1. Tra in ing  s e t  s i z e  s i g n i f i c a n t l y  a f f e c t e d  c o r r e l a t i o n  between 
s o i l  r e f l e c t a n c e  and organic  ma t t e r  con ten t .  
2 .  Tra in ing  s e t s  used f o r  computer-implemented a n a l y s i s  of 
m u l t i s p e c t r a l  d a t a  should c o n s i s t  of a t  l e a s t  36 scanner  
r e s o l u t i o n  elements f o r  b e s t  c o r r e l a t i o n  wi th  s o i l  a n a l y s i s  
da t a .  
One of  t h e  very promising lpp l i ca t ions  of  t h e  techniques presented  i n  
t h i s  paper i s  i n  t h e  inventory ing  and mapping of t h e  s o i l s  resources  of 
t h e  world. S c i e n t i s t s  a t  LARS a r e  working with t h e  S o i l  Conservation 
Serv ice  i n  Indiana  t o  eva lua t e  var ious  remote sens ing  techniques a s  an a i d  
i n  c l a s s i f i c a t i o n  and mapping of s o i l s .  Recently s p e c t r a l  c l a s s i f i c a t i o n s  
of s o i l s  have been made from m u l t i s p e c t r a l  scanner d a t a  obta ined  i n  May 
1971 over  f l i g h t l i n e  212 i n  Montgomery County, Ind iana .  m e  ob jec t ive  of 
t h i s  research  i s  t o  f i n d  t h a t  combination of t r a i n i n g  d a t a ,  t r a i n i n g  s e t  
s i z e ,  a r r a y  of s p e c t r a l  channels and o t h e r  techniques which w i l l  produce 
t h e  most meaningful and u s e f u l  s p e c t r a l  c l a s s i f i c a t i o n  o r  map of sur face  
s o i l s .  It i s  t h e  goa l  of t h e  s o i l  s c i e n t i s t s  a t  LARS t o  be ab le  t o  put  
i n t o  t h e  hands of t h e  s o i l  surveyor s p e c t r a l  maps which w i l l  g r e a t l y  
a c c e l e r a t e  and improve t h e  accuracy of s o i l  surveying and mapping. 
I n  t h e  Montgomery County s tudy  fou r t een  s p e c t r a l  c l a s s e s  of  s o i l s  
were mapped by computer (F igures  6 and 7 ) . I n  Figure 6 d a t a  from a l l  
twelve a v a i l a b l e  r e f l e c t i v e  channels were used i n  t h e  s p e c t r a l  c l a s s i f i c a -  
t i o n .  The c l a s s i f i c a t i o n  r e s u l t s  i n  Figure 7 were obta ined  wi th  t h e  
a n a l y s i s  of d a t a  from t h e  f o u r  b e s t  channels a s  s e l e c t e d  by t h e  divergence 
method (1). I n  t h i s  s tudy  it was found t h a t  t h e  c l a s s i f i c a t i o n  r e s u l t s  
a r e  g r e a t l y  a f f e c t e d  by t h e  method which i s  used t o  s e l e c t  t h e  s p e c t r a l  
c l a s s e s .  Where t o t a l  r e f l e c t i v e  d a t a  were used a s  a  b a s i s  f o r  s p e c t r a l  
c l a s s  s e l e c t i o n ,  t h e  c l a s s i f i c a t i o n  r e s u l t s  gave i n d i s t i n c t  c l a s s  boun- 
d a r i e s  and much more complex s p e c t r a l  p a t t e r n s  (F igure  6~ and 7 A )  t han  
were achieved where only v i s i b l e  r e f l e c t a n c e  (F igures  6~ and 7 ~ )  and only 
r e f l e c t i v e  i n f r a r e d  ( F i g u r e s _ 6 ~  and 7 ~ )  were used f o r  s p e c t r a l  c l a s s  
s e l e c t i o n .  
Although f o u r t e e n  s p e c t r a l  c l a s s e s  would seldom be  meaningful and 
u s e f u l  i n  d e l i n e a t i n g  s o i l  types  i n  so smal l  an a r e a ,  t h i s  r e sea rch  pro- 
v ides  a  b a s i s  f o r  b e t t e r  s p e c t r a l  c l a s s i f i c a t i o n .  Fur ther  s tudy  i s  needed 
t o  a s s i s t  i n  combining c l a s s e s  and s e l e c t  boundaries  between s p e c t r a l  
c l a s s e s  t o  genera te  a  more usable  product .  
S c i e n t i s t s  a t  Pennsylvania S t a t e  Univers i ty  and Purdue Univers i ty  
a r e  coopera t ing  i n  a  p r o j e c t  funded by t h e  U . S .  Department of Transpor- 
t a t i o n  ( 4 ) .  This p r o j e c t  involves  t h e  a n a l y s i s  and i n t e r p r e t a t i o n  of 
m u l t i s p e c t r a l  scanner  d a t a  from a  47-mile f l i g h t l i n e  i n  southeas te rn  
Pennsylvania ( ~ i ~ u r e  8 ) .  Scanner d a t a  were obta ined  i n  May 1969 a t  a  t ime 
o f  maximum ba re  s o i l  exposure. Seven segments,  each 3 t o  5 miles  i n  
l eng th  and con ta in ing  p r imar i ly  one parent  m a t e r i a l  were des igna ted  f o r  
s tudy .  Parent  m a t e r i a l s  a long t h e  f l i g h t l i n e  inc lude  l imes tone ,  s h a l e ,  
sandstone,  conglomerate,  and perhaps o t h e r s .  To d a t e ,  f o u r  of t h e s e  segments 
have been s tudied  i n  d e t a i l  u s ing  p a t t e r n  r ecogn i t i on  techniques .  Resul t s  
i n d i c a t e  t h a t  parent  mater iaxs can be mapped i n  t h e  i n d i v i d u a l  segments. 
S p e c t r a l  mapping o f  su r f ace  s o i l s  has been done i n  t h e  l imes tone  a r e a .  
Many of t h e  s o i l  f e a t u r e s  and p a t t e r n s  a r e  e a s i l y  seen i n  an a e r i a l  photo- 
graph ( ~ i g u r e  9 ) .  The p a t t e r n s  i n  t h e  s p e c t r a l  map d e l i n e a t i n g  t h r e e  
c l a s s e s  of  s o i l s  and one c l a s s  of green vege ta t ion  compare very w e l l  wi th  
t h e  f i e l d  survey map (Figure  10) . 
Plans f o r  t h e  Ear th  Resources Technology S a t e l l i t e  (ERTS ) Experiment 
have captured  t h e  imaginat ion and i n t e r e s t  o f  people around t h e  world. 
For many months i n v e s t i g a t o r s  a t  LARS have been p repa r ing  and t r a i n i n g  
f o r  r ece iv ing ,  ana lyz ing  and i n t e r p r e t i n g  e a r t h  resources  d a t a  t o  be 
obta ined  from ERTS . Dig i t i zed  d a t a  from t h e  mult ichannel  photography taken 
on March 1 2 ,  1969, a s  a  p a r t  of t h e  so65 Experiment of  Apollo 9  have been 
used t o  s imula te  ERTS d a t a .  D i g i t i z a t i o n  and a n a l y s i s  techniques  have 
been descr ibed  by Anuta and MacDonald ( 5 ) .  
One of t h e  important a g r i c u l t u r a l  reg ions  i n  t h e  U.S. which was 
photographed i n  t h e  SO65 Experiment i s  t h e  Southern Great P l a i n s  Region 
around Lubbock, Texas (F igure  11). A genera l  s o i l s  map of Crosby County, 
Texas, which occupies 911 square miles  i n  t h e  cen te r  of t h e  Apollo 9  
photograph, c l e a r l y  i l l u s t r a t e s  t h e  d i f f e r ences  between t h e  3igh P l a i n s  
and t h e  Rol l ing  P l a i n s  ( ~ i g u r e  1 2 ) .  The White River and i t s  many small  
t r i b u t a r i e s  a r e  c l e a r l y  seen i n  t h e  e a s t e r n  and southeas te rn  po r t ions  
of t h e  map of Crosby County. 
Without any ground i d e n t i f i c a t i o n  of  s u r f  ace f ea tu re s  o the r  t h a n  
those  provided i n  a  S o i l  Survey Report of Crosby County (6), a  s p e c t r a l  
a n a l y s i s  and c l a s s i f i c a t i o n  were made of Crosby County, u s ing  t h e  d i g i -  
t i z e d  3-channel ( 2  v i s i b l e ,  1 i n f r a r e d )  photographic d a t a  ( Figure 13  ) . 
Many su r f ace  f e a t u r e s  a r e  e a s i l y  i d e n t i f i a b l e  and separable  with t h i s  
s p e c t r a l  d a t a .  These inc lude  towns, h igh ly  r e f l e c t i v e  dry r i v e r b e d s ,  
bodies  of su r f ace  wa te r ,  i r r e g u l a r  s p e c t r a l  p a t t e r n s  a s soc i a t ed  wi th  
rangelands ,  and r e g u l a r  p a t t e r n s  a s soc i a t ed  with c u l t i v a t e d  a g r i c u l t u r a l  
a r e a s .  Within t h e  c u l t i v a t e d  region many l e v e l s  of s p e c t r a l  response 
a r e  separable  and mappable by p a t t e r n  r ecogn i t i on  techniques .  Those 
f i e l d s  having very high r e f l e c t a n c e  i n  t h e  v i s i b l e  spectrum may be covered 
wi th  r e s idue  from t h e  previous crop of g ra in  sorghum. F i e l d s  having 
very low r e f l e c t a n c e  may be wet ,  f r e s h l y  plowed, o r  be covered wi th  
win ter  wheat.  There a l s o  seem t o  be many f i e l d s  with n e i t h e r  high nor low 
r e l a t i v e  r e f l e c t a n c e .  The r e f l e c t i n g  su r f aces  of such f i e l d s  may conta in  
co t ton  o r  g ra in  sorghum re s idues  which have been incorpora ted  and mixed 
i n t o  t h e  su r f ace  s o i l  t o  vary ing  degrees by d i f f e r e n t  t i l l a g e  ope ra t ions .  
The White River Reservoi r ,  which serves  as  t h e  muncipal water supply 
f o r  Crosbyton, Texas, i s  l o c a t e d  i n  t h e  southeas te rn  corner  of Crosby 
County ( ~ i ~ u r e  1 4 ) .  The r e s e r v o i r ,  t h e  dry r i v e r  channels ,  t h e  random pat -  
t e r n s  of  t h e  surrounding rangelands ,  and t h e  ordered shapes of t h e  c u l t i -  
va ted  f i e l d s  a r e  e a s i l y  d i s c e r n i b l e .  
It i s  a  simple opera t ion  t o  i n s t r u c t  t h e  computer t o  p r i n t  o r  map 
only those  f e a t u r e s  of i n t e r e s t  (Figure 1 5 ) .  This technique can d e l e t e  
super f luous  d a t a  from t h e  scene and can al low t h e  i n v e s t i g a t o r  t o  observe 
and d i s p l a y  only t h e  des i r ed  d a t a .  
Remote sens ing  techniques ho ld  g rea t  promise f o r  man i n  d i f f e r e n t i a t i n g  
elements of t h e  so i l -vege ta t ion  complex. There i s  much t h a t  man does not  
understand about t h e  r e l a t i o n s h i p s  between t h e  many physical-chemical 
parameters and t h e  energy which i s  r a d i a t i n g  f r o m t h e  so i l -vege ta t ion  com- 
p lex .  The r e s u l t s  which have been presented  i n  t h i s  paper give r i s e  t o  
g rea t  optimism i n  t h e  search  f o r  b e t t e r  understanding and d e f i n i t i o n s  of 
those  r e l a t i o n s h i p s .  And with t h i s  understanding w i l l  come t h e  technology 
and c a p a b i l i t y  t o  apply remote sens ing  and automatic d a t a  process ing  tech-  
niques t o  a b e t t e r  use of e a r t h  resources  and t h e  p re se rva t ion  and mainten- 
ance of t h e  q u a l i t y  environment. 
It i s  wi th  g r e a t  a n t i c i p a t i o n  t h a t  s c i e n t i s t s  around t h e  world look 
forward t o  r ece iv ing ,  ana lyz ing ,  i n t e r p r e t i n g ,  and eva lua t ing  e a r t h  
resources  d a t a  from t h e  ERTS and Skyla-b Experiments. 
The research  summarized h e r e i n  was supported by NASA under Grant 
NGL 15-005-112. Gra tefu l  app rec i a t ion  i s  expressed t o  NASA f o r  t h i s  
suppor t .  The var ious  i n d i v i d u a l  s t u d i e s  were c a r r i e d  out by Drs. 
A .  H .  Al-Abbas, Jan E .  Cipra,  Stevan J.  K r i s t o f ,  Charles B .  Roth, 
Terry R .  West, o f  t h e  LARS s t a f f  and J!h. M l  Horvath, Purdue under- 
graduate s tuden t .  
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Table 1. Summary of S p e c t r a l  Channel Se l ec t ion  
Condit ions:  1. Data f o r  1969 and 1970 
2 .  Data f o r  3 s o i l  t e s t  a r eas  
3 .  Channel s e l e c t i o n  made by 2  methods 
4 .  Best 1, 2, and 3 channels s e l e c t e d  
Channel Wavelength Color No. of Times No. of  t imes s e l e c t e d  
No. (in urn) Se lec ted  as among 1, 2 ,  o r  3 
Best Channel (12 Best Channel 
p o s s i b i l i t i e s  ) ( 7 2  p o s s i b i l i t i e s  ) 
1 .40- .  44 Viole t  1 4 





Dark r ed  
Ref l ec t ive  I R  
Re f l ec t ive  I R  
Re f l ec t ive  I R  
Re f l ec t ive  I R  
Re f l ec t ive  I R  
Table 2 .  E f f ec t  o f  s p e c t r a l  channels s e l e c t e d  or t h e  c o r r e l a t i o n  of 
r e f l e c t a n c e  with s o i l  organic  ma t t e r  
Channel 
Combinat ions  
Table 3. The e f f e c t  of  t r a i n i n g  s e t  s i z e  on t h e  c o r r e l a t i o n  between s o i l  
r e f l e c t a n c e  and s o i l  organic  mat te r  content  (channels  5 & 7 )  
Number of 
Resolut ion Elements 
47-11 
a . Aerial Photograph b . Soils map 
Figure 1. oil Test Area 6 in Tippecanoe County , Indiana. 
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Figure 2. Organic matter content of surface soils, STA 6, Jtuy 1970 
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Figure 3. Ccmputer map of e xtractable soil phosphorus and exchangeable 
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Figure 4. Sepctral maps representing different levels of plant 
nitrogen, phosphorous, and potassium, STA 6, August 1970 
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a . Corn yi e ld 
(upper one - t h ird of field) 
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Figure 5. Computer maps relating crop yie l d to spectr~l r esponse . 





Figure 6. Fourteen spectral classes of soils in selected fields from 
flightl i ne 212, Montgomery County, Indiana, 12-channel (0 .4-1. 8 ~m) 
classification 
Reflectance data used to select classes: 
(a) Total (b) Visible (c) Infrared 
(a) 
(b) (c) 
Figure 7. Fourteen spectral classes of soils in selected fields from 
fl i ghtli ne 212, Montgomery County, Indiana, 4-channel classification 
Reflectance data us ed to select classes : 




Figure 8 . Pennsylvania test s ite 
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Figure 9 . Aerial photograph of test field i n Lancaster County , Pennsylvania 
(a) 











Figur e 10 . Spectr al mapping of limestone soils Lancaster County , 
Pennsylvania 
(a) Multispectral Computer Map (b) Field Survey Map 
47- 19 
47-20 
Figure 11 . Apollo 9 photograph of the Lubbock , Texas , region 















































































































































































































































Figure 13 . Spectral classification of east central portion of Crosby 
County , Texa s ; data from Apollo 9 , March 12 , 1969 
Figure 14 . Computer map 
White River Reservior. 
March 1969 
of spectral classes of surface features around 








Figure 15. Computer map of the White River and Reservoir in Crosby County, 
Texas. Data from Apollo 9, March 1969 
SECTION 48 I 
LAND UTILIZATION AND WATER RESOURCE 
INVENTORIES OVER EXTENDED TEST SITES* 
by 
Roger N. Hoffer and Staff 
Laboratory for Applications of Remote Sensing 
Purdue University 
West Lafayette, Indiana 
INTRODUCTION 
During the past decade, many actual and potential applications for 
remote sensing technology have been determined. This past year has seen 
a tremendous amount of interest generated in the application of remote 
sensing to problems related to land-use. A key element in applying re- 
mote sensing to land-use studies involves accurate identification of 
basic and vegetative cover types. In work with automatic data proccssing 
(AWP) techniques it is found that as information requirements become 
more specific, the analysis task becomes more complex. In dealing with 
m n y  problems involving automatic mapping of vegetative cover types 
conditions, one finds that an analysis sequence similar to that shown in 
Figure 1 must be pursued. As is indicated, there are many possible 
categories of basic cover types, and within the "vegetation" category 
there are many potential subgroups. Once a particular species has 
been identified, there are many interrelated factors affecting the po- 
tential yield of that crop. Of course, the crop yield is of considerable 
importance to a large number of "users", but since yield cannot be 
measured directly from remote distances, the factors related to yield 
and condition of the crop must be determined. 
Xuch of the LARS research effort this past year was devoted to 
the Corn Blight Watch Experiment, discussed in the ~ a n u a r ~  17th session 
of this review. As is indicated in Figure 1-C, Southern Corn Leaf 
Blight is only one of many different kinds of diseases or other stress 
factors which can affect vegetative conditions. This first figure 
- ~ 
*In this paper, results from a number of studies are summarized; 
researchers are identified in the Acknowledgement section. 
indicates the degree of difficulty of some of the problems encountered 
in the corn blight analysis sequence, thereby giving some insight into 
the real significance of being able to reliably identify the corn at 
various stages of development as well as identifying blight levels 
within the corn. 
In addition to the work on the corn blight this year, several 
other analysis tests were completed which resulted in significant 
findings. These aspects of our work will be discussed as follows: 
1. Field spectral measurements of soil conditions. 
2. Analysis of extended test site data. This discussion 
involves three different sets of data analysis sequences. 
3. Urban land-use analysis, for studying water runoff 
potentials. 
4. Thermal data quality study, as an expansion of our water 
resources studies involving temperature calibration 
techniques. 
FIELD SPECTML XEASUREMENTS OF SOIL CONDITIONS 
In order to accurately interpret remote sensor data, an adequate 
understanding of energy-matter interactions is mandatory. Use of a 
field spectroradiometer for detailed studies of selected situations in 
a natural environment offers one of the best ways for developing a 
better understanding of many of these complex energy-matter interactions. 
One study completed this past year involved work with several soil 
conditions using an Exotech Field Spectroradiometer. (The paper by 
Dr. LeRoy Silva describes this instrument.) Since the instrument is 
capable of measuring incoming irradiance as well as the radiance from 
the soil of interest, the resultant data could be reduced to percent 
reflectance measurements. Although the instrument is capable of ob- 
taining data throughout the optical portion of the spectrum and data 
were actually collected throughout the 0.4-16 micrometer wavelengths, 
limitations in our software for handling the recorded data forced 
the restriction of reduction and analysis of the visible wavelengths. 
Figure 2-A shows tne spectral reflectance in the visible portion 
of the spectrum for three different soil types. One sees that there 
is a much wider variation in the reflectance characteristics for these 
different soil types than normally is found for different species of 
green vegetation. In this illustration, only spectra for dry soil 
conditions are shown. Figure 2-B indicates the dry versus wet re- 
flectance for two soil types, and one sees some very marked differences, 
with the dry soil conditions having much higher reflectances than the 
wet soil conditions. However, it is not always easy to separate dry 
from wet soil moisture conditions when different soil types are involved. 
Figure 2-C shows a very high reflectance for dry Fincastle soil but a 
reflectance for the wet Fincastle that is very similar to the reflectance 
for dry Dana soils. Nevertheless, much work has indicated that it 
ought to be possible to use the thermal and microwave portions of the 
spectrum to considerable advantage in separating wet and dry soil 
conditions, even among the many different soil types of concern. 
Not only do variations in soil moisture cause distinctive 
differences in percent reflectance for the same soil type, but varia- 
tions in the surface condition, such as crusting, will cause very 
distinct differences in percent reflectance. Figure 2-0 shows the 
reflectance For a soil sample in which the action of the rain had 
crusted, or smoothed out the soil surface, causing a relatively high 
reflectance. After the crust was broken, the surface soil condition 
was still dry, but a much lower reflectance was measured at all 
wavelengths in the visible region. 
From these few examples, one sees that several natural causes 
of large variations in spectral response can be encountered. A 
field instrument such as the Exotech spectroradiometer has many 
advantages such as a fast scan rate; use under natural illumination 
conditions; and the collection of data from approximately the same 
instantaneous field of view, as well as look angle, as the scanner 
in the aircraft. Future studies with this instrument should enable 
significant progress to be achieved in determining the optimum times 
during the growing season for flight missions to be scheduled, studying 
spectral characteristics of various vegetative and soil conditions 
tt~roughout the optical wavelength region, species differentiation 
as a function of temporal changes, and other energy-matter interactions. 
In studying results from several of our computerized analyses of 
multispectral scanner data collected over fairly large geographical 
areas, it became apparent that several possible causes of spectral 
variability must always be considered. Some of the major causes of 
such variability whicli are particularly noticeable in analysis of 
vegetative ground cover and which are of primary concern to the user 
of this data are: 
.Percentage of Vegetative Cover 
.Spectral Response of Vegetation 
.Spectral Response of Soil Background 
.Illumination, Crop and/or Sensor Geometry, 
and Instrumentation Variables 
Some of t h e s e  v a r i a b l e s  a r e  a  func t ion  of t h e  vege t a t i on  and s o i l s  
while  o t h e r s  a r e  no t .  I n  our work i n  t h e  Biogeophysical Research Pro- 
gram, we a r e  p a r t i c u l a r l y  i n t e r e s t e d  i n  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  of 
t h e  vege t a t i on  .and s o i l s ,  bu t  we f i nd  t h a t  i l l u m i n a t i o n ,  geometry, 
and ins t rumenta t ion  f a c t o r s  a f f e c t  t h e  scanner  d a t a  i n  ways t h a t  f r e -  
quent ly  make i t  d i f f i c u l t  t o  s e p a r a t e  and i d e n t i f y  which f a c t o r s  a r e  
a f f e c t i n g  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  of v e g e t a t i v e  ground cover .  
Therefore ,  one must cons ider  a l l  p o s s i b l e  f a c t o r s  which could a f f e c t  
s p e c t r a l  c n a r a c t e r i s t i c s  of scanner  d a t a ,  i n  o r d e r  t o  proper ly  and 
a c c u r a t e l y  i n t e r p r e t  t h i s  type  of d a t a .  
One of t h e  major ques t i ons  t h a t  f r e q u e n t l y  a r i s e s  is:  How we l l  
can one e x t r a p o l a t e  from small  s e t s  of t r a i n i n g  sample d a t a  ob ta ined  
i n  one geographic  l o c a t i o n  t o  an automated c l a s s i f i c a t i o n  of l a r g e  
geographic a r e a s ?  C e r t a i n l y ,  i f  w e  a r e  eve r  going t o  u t i l i z e  t h e s e  
techniques  on an o p e r a t i o n a l  b a s i s ,  w e  must know t h e  l i m i t a t i o n s  and 
c a p a b i l i t i e s  f o r  e x t r a p o l a t i n g  smal l  d a t a  sets t o  l a r g e  a r e a s .  I n  
looking  t o  t h e  f u t u r e  and prepar ing  f o r  ERTS and SKYLAB, cons ide rab l e  
e f f o r t  t h i s  year  was devoted t o  f u r t h e r  examination of n a t u r a l  and 
o t h e r  causes  of  s p e c t r a l  v a r i a b i l i t y ,  and how t h i s  i n f luences  our  
c a p a b i l i t y  t o  e x t r a p o l a t e  t o  l a r g e  geographic a r e a s .  
CLASSIFICATION OF A 42,000-ACRE AREA 
The f i r s t  s tudy  over extended test  si tes t o  be r epo r t ed  upon 
involved d a t a  c o l l e c t i o n  i n  a  north-south f l i g h t l i n e  i n  Cen t r a l  
Indiana.  These d a t a  were c o l l e c t e d  i n  l a t e  A p r i l  (spr ing-t ime)  from 
an a l t i t u d e  of 3200 f e e t  by t h e  Un ive r s i t y  of Michigan m u l t i s p e c t r a l  
scanner  system. We have p rev ious ly  r epo r t ed  on our  c a p a b i l i t y  t o  
r e l i a b l y  i d e n t i f y  b a s i c  cover types  (Hoffer ,  1968) .  I n  f u r t h e r  
a n a l y s i s  of t h i s  d a t a ,  w e  u t i l i z e d  l e s s  than  1% of t h e  t o t a l  a r e a  a s  
a  t r a i n i n g  set. A l l  of  t h e  t r a i n i n g  d a t a  came from one smal l  a r e a  
near  t h e  no r the rn  p a r t  of t h e  f l i g h t l i n e .  Af t e r  c l a s s i f i c a t i o n ,  
256 t e s t  a r e a s  were s e l e c t e d  a t  random, account ing f o r  s e v e r a l  
thousand d a t a  p o i n t s  i n  each cover type  ca tegory ,  and t h e  computer 
c l a s s i f i c a t i o n s  were t abu la t ed  f o r  a l l  d a t a  p o i n t s  i n  t h e s e  test 
a r e a s .  The r e s u l t s  i n d i c a t e d  accuracy of over  97% f o r  t h e  automated 
c l a s s i f i c a t i o n  of  t h e  b a s i c  cover types .  However, we d id  n o t i c e  a  
s l i g h t  decrease  i n  accuracy a s  t h e  a r e a  being c l a s s i f i e d  became more 
d i s t a n t  from t h e  a r e a  where t h e  t r a i n i n g  samples had been obta ined .  
Samples from t h e  no r the rn  and from t h e  southern  p o r t i o n s  of t h e  
f l i g h t l i n e  were t hen  s e l e c t e d  and compared. F igure  3  shows t h e  
r e s u l t s  of  t h i s  comparison f o r  t h r e e  d i f f e r e n t  wavelength bands. 
The c r o s s  hatched a r e a s  i n d i c a t e  d a t a  from no r the rn  p o r t i o n s  of t h e  
f l i g h t l i n e  and s o l i d  b locks  i n d i c a t e  d a t a  from t h e  southern  p o r t i o n  
o f  t h e  f l i g h t l i n e .  The l e n g t h  o f  t h e  bar  i n d i c a t e s  t h e  mean s p e c t r a l  
r e s p o n s e ,  p l u s  o r  minus one s t a n d a r d  d e v i a t i o n .  T h e r e f o r e ,  a  l o n g e r  b a r  
w i l l  i n d i c a t e  more v a r i a b i l i t y ,  whereas t h e  b a r s  o f  s h o r t e r  l e n g t h  
i n d i c a t e  r e l a t i v e l y  s m a l l  amounts of s p e c t r a l  v a r i a b i l i t y  w i t h i n  t h a t  
p a r t i c u l a r  wavelength  band and cover  tyTe.  A s  can  be o b s e r v e d ,  t h e r e  
is  l i t t l e  d i f f e r e n c e  i n  s p e c t r a l  r e s p o n s e  between t h e  n o r t h e r n  and t h e  
s o u t h e r n  p o r t i o n s  of t h e  f l i g h t l i n e  f o r  t h e  b a r e  s o i l  a r e a s .  Water 
showed a  d i s t i n c t l y  h i g h e r  r e s p o n s e  i n  t h e  s o u t h e r n  p o r t i o n  o f  t h e  
f l i g h t l i n e  t h a n  i n  t h e  wa te r  i n  t h e  n o r t h e r n  p o r t i o n  o f  t h e  f l i g h t l i n e  
i n  t h e  v i s i b l e  wavelengths  b u t ,  as e x p e c t e d ,  t h e r e  i s  l i t t l e  d i f f e r e n c e  
i n  r a d i a n c e  i n  t h e  r e f l e c t i v e  i n f r a r e d  p o r t i o n  o f  t h e  spectrum.  The 
low r e s p o n s e  i n  t h e  r e f l e c t i v e  I R  f o r  wa te r  i s  a t t r i b u t e d  t o  t h e  h i g h  
a b s o r p t i o n  c h a r a c t e r i s t i c s  of w a t e r  i n  t h e s e  wave leng ths ,  w h i l e  t h e  
d i f f e r e n c e s  i n  r e s p o n s e  Setween t h e  n o r t h e r n  and s o u t h e r n  p o r t i o n s  of 
t h e  f l i g h t l i n e  i n  t h e  v i s i b l e  wavelengths  i s  a s c r i b e d  t o  d i f f e r e n t  
sediment l o a d s  between t h e  North and South Fork o f  t h e  !bite X i v e r ,  where 
t n e  d a t a  was o b t a i n e d .  Ye had a n t i c i p a t e d  t h a t  v e g e t a t i o n  i n  t h e  sou t i l e rn  
p o r t i o n  o f  t h e  f l i g h t l i n e  would have a  h i g h e r  r e s p o n s e  t h a n  t h e  v e g e t a t i o n  
i n  t h e  n o r t h e r n  p o r t i o n  o f  t h e  f l i g h t l i n e .  T h i s  was t h e  c a s e  i n  t h e  
b l u e  p o r t i o n  o f  t h e  v i s i b l e  wave leng ths ,  b u t  i n  t h e  r e f l e c t i v e  i n f r a r e d ,  
j u s t  t h e  o p p o s i t e  s i t u a t i o n  o c c u r r e d .  It is  b e l i e v e d  t h a t  t h i s  was 
because  t h e  d a t a  c o l l e c t e d  i n  t h e  n o r t h e r n  p o r t i o n  o f  t h e  f l i g h t l i n e  
l a r g e l y  c o n s i s t e d  of dense  w i n t e r  wheat s t a n d s  and f o r e s t e d  a r e a s  
t h a t  were most ly  i n  t h e  low-lying bottom-lands a l o n g  t h e  s t r e a m s .  These 
f o r e s t e d  bottom-lands c o n s i s t e d  of co t tonr~ood  and sycamore t r e e s  which 
had l e a f e d  o u t  e a r l i e r  t h a n  t h e  upland f o r e s t  c o v e r - t h a t  predominated 
i n  t h e  s o u t h e r n  p o r t i o n  of t h e  f l i g h t l i n e .  Thus,  j u s t  because  d a t a  
came from a  more n o r t h e r l y  a r e a ,  i t  i s  n o t  s a f e  t o  assume t h a t  t h e  
v e g e t a t i o n  a s  a  whole w i l l  b e  l e a f c d  o u t  more i n  more s o u t h e r l y  a r e a s  
on any p a r t i c u l a r  d a t e  d u r i n g  t h e  s p r i n g .  
I n  summary, we b e l i e v e  t h a t  t h e  v a r i a b i l i t y  observed i n  t h i s  s e t  
of d a t a  w a s  caused p r i m a r i l y  by t h e  n a t u r a l  s p e c t r a l  d i f f e r e n c e s  i n  t h e  
m a t e r i a l s  invo lved .  
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S i n c e  t h e  b a s i c  cover  t y p e  mapping i n  t h e  f i r s t  a n a l y s i s  had 
i n d i c a t e d  some s l i g h t  changcs i n  s p e c t r a l  r esponse  bu t  s i n c e  t h e s e  
changes  d i d  not  s e r i o u s l y  a f f e c t  t h e  c l a s s i f i c a t i o n  r e s u l t s ,  t h e  nex t  
l o g i c a l  s t e p  seemed t o  be t o  conduct  a  more complicated a n a l y s i s  
i n v o l v i n g  i d e n t i f i c a t i o n  of a  p a r t i c u l a r  c r o p  s p e c i e s  o v e r  a  l a r g e  
geograph ic  a r e a .  To l i m i t  some of  t h e  nor th - sou th  geograph ic  v a r i a t i o n  
which had been observed i n  t h e  f i r s t  a n a l y s i s ,  and which can  be s e v e r e  
i n  l a r g e  geograph ic  a r e a s ,  f l i g h t l i n e s  were l a i d  o u t  i n  a n  eas t -wes t  
d i r e c t i o n  t o  sample a  40-county a r e a  i n  I n d i a n a  and I l l i n o i s ,  a s  shown 
i n  F i g u r e  4-A. To l i m i t  t h e  t o t a l  amount of d a t a  c o l l e c t e d ,  o n l y  segments 
from a  133-mile f l i g h t l i n e  were recorded .  The l e n g t h  of each o f  t h e s e  
segments and t h e  d i s t a n c e  between t h e  segments is  i n d i c a t e d  i n  F i g u r e  4-B. 
The m u l t i s p e c t r a l  scanner  d a t a  f o r  t h i s  exper iment  were o b t a i n e d  
by t h e  U n i v e r s i t y  o f  Xichigan a i r c r a f t  on J u l y  1, 1970. ilowever, t h e  
a n a l y s i s  o f  t h e s e  d a t a  had n o t  been completed i n  t ime  f o r  t h e  3rd 
Annual E a r t h  Resources  Program Review, s o  a r e  r e p o r t e d  t h i s  y e a r .  
As a n  i n d i c a t i o n  of t h e  d i f f i c u l t i e s  sometimes encountered i n  conduc t ing  
t h i s  t y p e  o f  exper iment ,  t h e  f o l l o w i n g  comments a r e  i n c l u d e d .  I n i t i a l l y ,  
i t  w a s  p lanned t h a t  t h e  f o l l o w i n g  c o n d i t i o n s  were t o  have been met a s  
n e a r l y  a s  p o s s i b l e :  
(1) Wheat would be a t  a  mature  s t a g e  of development.  It was 
assumed t h a t  approx imate ly  uniform c o n d i t i o n s  o f  m a t u r i t y  
would e x i s t  a l o n g  an  eas t -west  f l i g h t l i n e  and t h a t  t h e r e -  
f o r e  t h e  wheat would have a  similar s p e c t r a l  r e s p o n s e  
throughout  t h e  d a t a .  
(2) A l l  d a t a  would be o b t a i n e d  from a  5000-foot a l t i t u d e  d u r i n g  
a s i n g l e  f l i g h t  sequence t o  minimize d i f f e r e n c e s  i n  a tmospher ic  
a t t e n u a t i o n  and e l e c t r o n i c  d r i f t  i n  t h e  d a t a .  
(3)  Ground o b s e r v a t i o n s  of cover  t y p e s  ( s p e c i e s  and c r o p  c o n d i t i o n )  
would be o b t a i n e d  f o r  F l i g h t l i n e  2 5  i n  I n d i a n a .  A e r i a l  
photography t a k e n  a t  t h e  same t ime as t h e  scanner  d a t a  
would t h e n  be used t o  e x t r a p o l a t e  cover  t y p e  i d e n t i f i c a t i o n  
from FL 25 t o  t h e  o t h e r  f l i g h t l i n e s  t o  t h e  w e s t .  
(4) The c l a s s i f i e r  would be t r a i n e d  w i t h  d a t a  from FL 25 and 
t h i s  t r a i n i n g  set would be used t o  c l a s s i f y  d a t a  from t h e  
e n t i r e  sequence of f l i ~ h t l i n e s  c o v e r i n g  a  geographic  a r e a  
of inore t h a n  130 m i l e s  from t h e  eas tern-most  end of FL 25 
t o  t h e  western-most end o f  FL 43. 
The a c t u a l  c o n d i t i o n s  a t  t h e  t ime  of  t h e  f l i g h t  f a i l e d  t o  meet t h e  
d e s i r e d  ones  i n  s e v e r a l  ways. T h i s  caused a  number o f  changes  i n  t h e  
d a t a  a n a l y s i s  p l a n s  and a f f e c t e d  some of t h e  r e s u l t s  and c o n c l u s i o n s .  
S i n c e  f l i g h t  m i s s i o n s  th rough  UASA must be s e t  up s e v e r a l  months 
i n  advance because  o f  a i r c r a f t  s c h e d u l i n g  r e q u i r e m e n t s ,  we had re- 
ques ted  t h e  f l i g h t  f o r  t h e  l a s t  week i n  June because  p a s t  e x p e r i e n c e  
had i n d i c a t e d  t n a t  i n  I n d i a n a  t h i s  would be t h e  optimum t ime  f o r  mature  
wneat.  Normally,  h a r v e s t i n g  does  n o t  s t a r t  u n t i l  t h e  e a r l y  p a r t  of 
J u l y .  However, i n  1973 t h e  c r o p  c o n d i t i o n s  were on t h e  e a r l y  s i d e  of 
"normal,: '  and t h e  f l i g h t  was conducted d u r i n g  t h e  l a t t e r  p o r t i o n  of t h e  
scheduled t ime  p e r i o d  ( J u l y  1 ) .  T h i s  combinat ion r e s u l t e d  i n  d a t a  i n  
which some of  t n e  wheat i n  I n d i a n a  was b e i n g  h a r v e s t e d  o r  had been 
h a r v e s t e d  a t  t h e  t ime  of f l i g h t .  I n  I l l i n o i s ,  t h e  growing c o n d i t i o n s  
appeared t o  be about  one week ahead of t h o s e  i n  I n d i a n a ,  and much of  
t h e  wheat had been h a r v e s t e d .  Some f i e l d s ,  b e l i e v e d  t o  be wheat 
s t u b b l e ,  a l r e a d y  had a n  undergrowth of weeds, g i v i n g  t h e s e  f i e l d s  a 
s p e c t r a l  r esponse  somewhat l i k e  t h a t  o f  hay f i e l d s .  S i n c e  b o t h  s t and-  
i n g  wheat and wheat s t u b b l e  were p r e s e n t ,  w e  were r e q u i r e d  t o  t r a i n  
t h e  c l a s s ' i f i e r  p o r t i o n  o f  t h e  computer programs on b o t h  mature  wheat 
and wheat s t u b b l e  o f  v a r y i n g  age  and c o n d i t i o n .  
A t  t h e  t ime  d a t a  was b e i n g  c o l l e c t e d ,  s c a t t e r e d  cumulus c loud  
cover  developed over  t h e  e a s t e r n  p o r t i o n s  of t h e  f l i g h t l i n e  a r e a ,  
t h e r e b y  f o r c i n g  t h e  FL 25 d a t a  t o  be c o l l e c t e d  from 3,500 f e e t  a l -  
t i t u d e  and w i t h  v a r i a b l e  c loud shadow e f f e c t s  on t h e  ground, whereas 
t h e  o t h e r  f o u r  f l i g h t l i n e s  o f  d a t a  had been c o l l e c t e d  from 5000 f e e t  
a l t i t u d e  under  mos t ly  c l e a r ,  sunny c o n d i t i o n s .  Th i s  change i n  d a t a  
c o l l e c t i o n  caused t h e  u s e  o f  FL 40 (on t h e  I n d i a n a - I l l i n o i s  b o r d e r )  
f o r  a  t r a i n i n g  a r e a ,  w i t h  FL 25 be ing  used o n l y  a s  a  test a r e a  t o  check 
e f f e c t s  o f  a l t i t u d e  change and c loud  shadows. 
The u s e  o f  a e r i a l  pho tos  i n  l i e u  o f  ground o b s e r v a t i o n s  on some o f  
t h e  f l i g h t l i n e s  d i d  n o t  prove t o  be  a s  r e l i a b l e  f o r  a c c u r a t e  i d e n t i f i -  
c a t i o n  o f  cover  t y p e s  a s  had been a n t i c i p a t e d .  T h i s  w a s  due t o  v a r i a b l e  
i l l u m i n a t i o n  c o n d i t i o n s  i n  p a r t s  of t h e  f l i g h t l i n e  a t  t h e  t ime t h e  
photography was o b t a i n e d ,  poor q u a l i t y  and r e s o l u t i o n  i n  t h e  b l a c k  and 
whi te  photography,  and comple te ly  unusab le  r e s u l t s  f o r  t h e  c o l o r  
i n f r a r e d  pho tos .  The v a r i a b i l i t y  of ground cover  c o n d i t i o n s  added t o  
t h e  d i f f i c u l t y .  
The p rocedures  used i n  t h e  exper iment  were t h e r e f o r e  modif ied t o  
o p t i m i z e  u t i l i z a t i o n  of t h e  a c t u a l  d a t a  c o l l e c t e d .  Th is  r e s u l t e d  i n  
t h e  fo l lowing  s e t  of o b j e c t i v e s  be ing  d e f i n e d :  
(1)  Reaf f i rm p r e v i o u s  work a t  LARS showing t h e  c a p a b i l i t y  
f o r  i d e n t i f y i n g  wheat v s .  e v e r y t h i n g  e l s e .  Tes t  and 
t r a i n i n g  samples t o  be o b t a i n e d  from EL 40. 
(2 )  Determine c a p a b i l i t y  f o r  i d e n t i f y i n g  wheat ( o r  wheat 
s t u b b l e )  over  a n  extended t e s t  s i t e  a r e a ,  u s i n g  t r a i n i n g  
samples from one geographic  a r e a  t o  c l a s s i f y  a comple te ly  
d i f f e r e n t  a r e a .  I n  t h i s  c a s e ,  t h e  t r a i n i n g  samples from 
FL 40 would be used t o  c l a s s i f y  d a t a  from FL 41,  42,  and 
43. T e s t  samples from a l l  f o u r  f l i g h t l i n e s  would be  
o b t a i n e d  t o  q u a n t i t a t i v e l y  check c l a s s i f i c a t i o n  r e s u l t s .  
(3)  Determine t h e  c a p a b i l i t y  f o r  c l a s s i f y i n g  EL 25 d a t a  u s i n g  
t r a i n i n g  samples from FL 40 ,  r e c o g n i z i n g  t n e  f a c t  t h a t  FL 
25 d a t a  were c o l l e c t e d  from 3500 f e e t  a l t i t u d e  under 
somewhat c loudy  c o n d i t i o n s ,  a s  opposed t o  5000 f e e t  a l t i -  
t u d e  and mos t ly  c l e a r  c o n d i t i o n s  f o r  t h e  FL 40 d a t a .  
(4) Determine v a r i a b i l i t y  o f - i n c o m i n g  s o l a r  r a d i a t i o n  a t  t h e  
a i r c r a f t  l o c a t i o n  o v e r  t h e  e n t i r e  130-mile f l i g h t l i n e  
a r e a ,  and u t i l i z e  d a t a  h a n d l i n g  t e c h n i q u e s  developed by 
LARS t o  c a l i b r a t e  t h e  s p e c t r a l  r e f l e c t a n c e  d a t a  a s  a 
f u n c t i o n  o f  t h e  sun  s e n s o r  s i g n a l .  
(5)  d a t e r m i n e  u t i l i t y  o f  s u n  s e n s o r  c a l - i b r a t i o n  t e c h n i q u e s  
f o r  i n c r e a s i n g  a c c u r a c y  o f  a u t o m a t i c  c l a s s i E i c a t i o n  o f  
c o v e r  t y p e ,  i f  s i g n i f i c a n t  v a r i a b i l i t y  i s  found i n  s u n  
s e n s o r  s i g n a l  i n  S t e p  4 above .  
( 6  J e t e r r n i n e  m j o r  s o u r c e s  o f  v a r i a t i o n  i n  s p e c t r a l  r e s p o n s e  
o f  c o v e r  t y p e s ,  t h e  s e v e r i t y  o f  s u c h  v a r i a t i o n s  a s  i t  
a f f e c t s  a u t o m a t i c  c l a s s i f i c a t i o n  t e c l l n i q u c s ,  and whe the r  
s u c h  v a r i a t i o n s  c a n  o r  c a n n o t  be c o r r e c t e d  w i t h  v a r i o u s  
c a l i b r a t i o n  and d a t a  a n a l y s i s  p r o c e d u r e s .  
K e s u l t s  
I n i t i a l  a n a l y s i s  e f f o r t s  showed t h a t  c a l i b r a t i o n  o f  t h e  d a t a  o n l y  
f o r  e l e c t r o n i c  d r i f t  was n o t  a d e q u a t e  t o  a l l o w  a c c u r a t e  c l a s s i f i c n t i o n  
o v e r  t h e  e n t i r e  a r e a .  The a b i l i t y  t o  c l a s s i f y  a u t o m a t i c a l l y  whea t  v s .  
e v e r y t h i n g  e lse was d e m o n s t r a t e d  a g a i n  (i.l\XS, 1370)  u s i n g  t r a i n i n g  a n 3  
t e s t  s amples  f rom FL 43.  liowever, t h e  c l a s s i f i c a t i o n  o f  t h e  o t h e r  
f l i g h t l i n e s  was o n l y  p a r t i a l l y  s u c c e s s f u l .  T h e r e  were m n y  m i s c l a s s i -  
f i c a t i o n s  p r e s e n t  ( p r i m a r i l y  a s  wheat  ia a r e a s  t h a t  :?ere n o t  w h e a t ) ,  
and a l i g h t  t h r e s h o l d  a p p l i e d  t o  t h e  t r a i n i n g  d a t a  t ended  t o  c a u s e  most 
o f  t h e  t e s t  a r e a  d a t a  t o  be  t h r e s h o l d e d .  
Tile s u n  s e u s o r  s i g n a l  f o r  t h e  e n t i r e  f l i g h t l i n e  was examined and 
found t o  show s i g n i f i c a n t  changes  i n  s o l a r  i l l u m i n a t i o ~ l  ( F i g u r e  5 ) .  
G e n e r a l l y ,  a  modera t e  upward s h i f t  was found a s  t h e  a i r c r a f t  moved a l o n g  
t i le  f l i g h t l i n e .  I n  some c a s e s ,  d i s t i n c t  changes  c o u l d  b e  s e e n  be tween 
t!le end o f  one  f l i g l ~ t l i . n e  and t i le  b e g i n n i n g  o f  t h e  n e x t ,  and  i n  FL 40 
t h e r e  were  r a p i d ,  marked c i i a n ~ e s  i n  i l l u m i n a t i o n ,  even  though t h e  area 
:?as o n l y  s i x  miles l o n g  and was f lown i n  a p p r o x i m a t e l y  t h r e e  m i n u t e s .  
Tne LXKSYSU m u l t i s p e c t r a l  s c a n n e r  , ~ n a l y s i s  program s y s t e m  c o n t a i n s  
a  d a t a  c a l i b r a t i o n  f u n c t i o n  i n  which t h e  u s e r  may s e l e c t  t h e  t y p e  o f  
c a l i b r a t i o n  t o  b e  a p p l i e d ,  dependen t  upon h i s  knowlsilge o f  any  p rob lems  
c x i s t i n g  i n  t i l e  d a t a  ( P h i l l . i p s ,  1 3 6 3 ) .  L'he u s u a l  c a l i b r a t i o n  i s  o n e  
v h i c b  c o r r e c t s  f o r  low f r e q u e n c y  d r i f t  i n  t n e  d a t a  c o l l e c t i o n  o r  d a t a  
p r o c e s s i n g  sys t em.  I f  i l l u m i n a t i o n  c h a n g e s  a r e  k n o ~ m  t o  e x i s t  i n  t h e  
d a t a  r u n ,  a n  a d d i t i o n a l  c a l i b r a t i o n  may be  made t o  change  t h e  d a t a  t o  a 
c o n s t a n t  l e v e l  i n  e a c h  d a t a  l i n e .  T h i s  w i l l  f o r c e  d a t a  a n p l i f i c a t i o ~ l  
t o  a  f i x e d  l e v e l  i n  a n  a t t e n p t  t o  c o r r e c t  f o r  i l l u m i n a t i o n  changes  as 
t h e y  a r e  d e t e c t e d  by t h e  s u n  s e n s o r .  
I l l u m i n a t i o n  u s u a l l y  w i l l  change  a s  t h e  a i r c r a f t  moves th rough  
d i f f e r i n g  a t m o s p h e r i c  c o i ~ d i t i o n s ,  3nd t i l e  s u n  s e n s o r  p r o v i d e s  a measure  
o f  t h e s e  c h a n g e s  a s  t h e y  a r e  d e t e c t e d  a t  t h e  a i r c r a f t .  I l l u m i n a t i o n  
a t  tlie a i r c r a f t  may n o t  change  a t  t h e  same t i m e  o r  a t  t h e  same r a t e  as 
i l l u m i n a t i o n  a t  t h e  ground t a r g e t .  An example i s  t h e  s i t u a t i o n  i n  which 
t h e  a i r c r a f t  e n t e r s  a c loud  shadow and t h e  s u n  s e n s o r  shows a n  a b r u p t  
change w h i l e  t h e  t a r g e t  may c o n t i n u e  t o  be i n  f u l l  s u n l i g h t .  The r e v e r s e  
w i l l  o c c u r  when t h e  t a r g e t  i s  i n  shadow and t h e  a i r c r a f t  remains  i n  f u l l  
s u n l i g h t .  These t y p e s  of  s i t u a t i o n s  do not  a l l o w , u s e  o f  t h e  s u n  s e n s o r  
c a l i b r a t i o n ,  because  such  c a l i b r a t i o n  under  t h o s e  c i r c u m s t a n c e s  would 
c a u s e  even  l a r g e r  d i f f e r e n c e s  i n  ampl i tude  of  t h e  d a t a .  However, i n  t h e  
40-county t e s t  s i t e ,  t h e  s u n  s e n s o r  p u l s e  i n d i c a t e d  a  g r a d u a l  i n c r e a s e  i n  
i l l u m i n a t i o n .  Thus,  a two-point  c a l i b r a t i o n  f o r  b o t h  d r i f t  and a m p l i f i c a t i o n  
could  b e  e F E e c t i v e l y  u s e d ,  and was a p p l i e d  t o  t h i s  d a t a .  
In  F i g u r e  5 ,  t h e  a b r u p t  change i n  F l i g h t l i n e  40 was due  t o  a n  
e l e c t r o n i c  g a i n  change,  o r  manual change i n  a m p l i f i c a t i o n  o f  t h e  s i g n a l s .  
T h i s  g a i n  change o c c u r r e d  i n  a l l  t h e  middle  i n f r a r e d  c h a n n e l s  (1.0-1.4,  
1.5-1.8 and 2.0-2.6 vm), and caused d i s t i n c t i v e  changes  i n  t h e  g r a y  
s c a l e  p r i n t o u t s  o f  t h e  d a t a  a t  t h a t  p o i n t .  The s u n  s e n s o r  c a l i b r a t i o n  
p rocedure  a d j u s t e d  e f f e c t s  o f  t h i s  g a i n  change.  
The r e s u l t s  of t h e  c l a s s i f i c a t i o n s  w i t h  d a t a  c a l i b r a t e d  f o r  b o t h  
d r i f t  and t h e  s u n  s e n s o r  s i g n a l  showed encourag ing  improvements i n  
accuracy .  On FL 40 ,  t h e  t r a i n i n g  d a t a  had an o v e r a l l  c l a s s i f i c a t i o n  
accuracy  o f  332 (98.5% c o r r e c t  c l a s s i f i c a t i o n  f o r  wheat ,  u s i n g  662 d a t a  
p o i n t s ,  and 99.9% c o r r e c t  c l a s s i f i c a t i o n  f o r  a l l  o t h e r  c r o p s  o r  c o v e r  
t y p e s ,  u s i n g  3,104 d a t a  p o i n t s ) .  The t e s t  sample a c c u r a c y  showed somewhat 
v a r i a b l e  r e s u l t s  from f l i g h t l i n e  t o  f l i g h t l i n e ,  a s  shown i n  Tab le  I. 
T h i s  i s  though t  t o  be due t o  t h e  n a t u r a l  v a r i a t i o n  i n  c o n d i t i o n  o r  
d e g r e e  of  m a t u r i t y  of t h e  cover  t y p e s .  C l a s s i f i c a t i o n  a c c u r a c y  was v e r y  
h i g h  i n  FL 43,  approx imate ly  80 m i l e s  d i s t a n t  from t h e  a r e a  where t r a i n i n g  
samples had been s e l e c t e d .  
A s  a  check on t h e  e f f e c t s  of  c a l i b r a t i o n  on c l a s s i f i c a t i o n  a c c u r a c y ,  
two a d d i t i o n a l  c l a s s i f i c a t i o n s  were made. The f i r s t  used t h e  same 
c h a n n e l s  t h a t  had been s e l e c t e d  from t h e  two-point c a l i b r a t i o n  d a t a  b u t  
used d a t a  t h a t  had been c a l i b r a t e d  o n l y  f o r  e l e c t r o n i c  d r i f t .  The 
l a s t  c l a s s i f i c a t i o n  used t h e  b e s t  f i v e  c h a n n e l s ,  a g a i n  u s i n g  t h e  d a t a  
c a l i b r a t e d  o n l y  f o r  d r i f t .  I n  t h e  l a t t e r  c a s e ,  t h e  f e a t u r e  s e l e c t i o n  
a l g o r i t h m  i n d i c a t e d  a d i f f e r e n t  s e t  of 5 c h a n n e l s  t h a n  had been used 
i n  t h e  p r e v i o u s  c l a s s i f i c a t i o n .  The s p e c t r a l  bands were 0.55-0.58, 
0.66-0.72, 0.80-1.00,  1.03-1.40,  and 1.50-1.80 micrometers .  
The t e s t  f i e l d  p e r c e n t a g e s  a r e  g iven  i n  T a b l e s  I ,  11, and I11 f o r  
t h e  t h r e e  c l a s s i f i c a t i o n s .  For e a s e  i n  compar ison,  F i g u r e  6 shows 
t h e  c l a s s i f i c a t i o n  a c c u r a c y  of  t h e  wheat t e s t  f i e l d s .  The two-point  
c a l i b r a t i o n  i s  c o n s i s t e n t l y  t h e  b e s t  c l a s s i f i c a t i o n ,  w i t h  t h e  two 
c l a s s i f i c a t i o n s  hav ing  o n l y  d r i f t  c a l i b r a t i o n  b e i n g  abou t  e q u a l .  The 
l a s t  c l a s s i f i c a t i o n ,  u s i n g  t h e  b e s t  f i v e  combina t ions  o f  wavelength  
bands ,  was s l i g h t l y  more s e n s i t i v e  t o  a c c u r a t e  wheat c l a s s i F i c a t i o n  
t h a n  t h e  o t h e r  c l a s s i f i c a t i o n  u s i n g  d a t a  c a l i b r a t e d  on ly  f o r  d r i f t ,  
b u t  was s t i l l  much l e s s  a c c u r a t e  t h a n  t h e  c l a s s i f i c a t i o n  u s i n g  d a t a  
hav ing  two-point c a l i b r a t i o n .  A l l  t h r e e  c l a s s i f i c a t i o n s  had s i m i l a r  
h igh test f i e l d  a c c u r a c i e s  i n  FL 40 where t h e  t r a i n i n g  s t a t i s t i c s  had 
been o b t a i n e d .  
One a d d i t i o n a l  test was made, u s i n g  d a t a  from FL 25, t h e  eas t -wes t  
l i n e  a c r o s s  Tippecanoe County, I n d i a n a .  These d a t a  were c o l l e c t e d  
on t h e  same f l i g h t  a s  t h e  d a t a  f o r  FL 43-43, but FL 25 was flown a t  a  
lower a l t i t u d e  (3500 f e e t  above t e r r a i n ) ,  and abou t  20 minutes  l a t e r .  
S c a t t e r e d  cumulus c l o u d s  were p r e s e n t  o v e r  t h i s  a r e a .  The l i n e  b e g i n s  
abou t  21 m i l e s  e a s t  of t h e  FL 40 end p o i n t .  The FL 25 d a t a  were c l a s s i -  
f i e d  u s i n g  t h e  t r a i n i n g  s t a t i s t i c s  o b t a i n e d  from FL 40  and t h e  two-point 
c a l i b r a t i o n .  A s e t  of 17  wheat f i e l d s  and 4 l a r g e  a r e a s  of o t h e r  cover  
were s e l e c t e d  a s  t e s t  f i e l d s .  Wheat f i e l d s  were c l a s s i f i e d  w i t h  90.5% 
accuracy ,  bu t  t h e  o t h e r  f i e l d s  were o n l y  30.6% c o r r e c t l y  c l a s s i f i e d ,  
i n d i c a t i n g  t h a t  many p o i n t s  were m i s c l a s s i f i e d  i n t o  t h e  wheat c a t e g o r y  
o r  t h r e s h o l d e d .  V e g e t a t i v e  c o n d i t i o n s  a l o n g  t h i s  f l i g h t l i n e  were q u i t e  
d i f f e r e n t  t h a n  i n  t h e  t r a i n i n g  a r e a ,  a s  i n d i c a t e d  by t h e  f a c t  t h a t  t h e  
wheat h a r v e s t  w a s  l e s s  t h a n  h a l f  f i n i s h e d  on t h i s  f l i g h t l i n e ,  i n  c o n t r a s t  
t o  having been n e a r l y  completed i n  many a r e a s  i n  t h e  I l l i n o i s  f l i g h t l i n e s .  
However, i t  i s  b e l i e v e d  t h a t  t h e  v a r i a b l e  c loud  c o n d i t i o n s  a t  t h e  t i m e  
t h e s e  d a t a  were c o l l e c t e d  caused more e r r o r  i n  t h e s e  c l a s s i f i c a t i o n  
r e s u l t s  t h a n  e i t h e r  t h e  d i f f e r e n c e  i n  a l t i t u d e  o r  t h e  d i f f e r e n c e s  i n  
v e g e t a t i v e  cover  c o n d i t i o n s .  
The c o n c l u s i o n s  from t h i s  exper iment  inc luded  t h e  f o l l o w i n g :  
(1) The c a p a b i l i t y  f o r  a c c u r a t e l y  i d e n t i f y i n g  wheat u s i n g  
AiIP t e c h n i q u e s  was shown t o  be  h i g h  over  r e l a t i v e l y  
s m a l l  a r e a s  (about  9 s q u a r e  m i l e s ) .  
(2)  When t r a i n i n g  samples from one a r e a  were u t i l i z e d  t o  
c l a s s i f y  d a t a  from o t h e r  geographic  a r e a s ,  c l a s s i f i c a t i o n  
a c c u r a c i e s  tended t o  be r a t h e r  poor  u n l e s s  a two-point  
c a l i b r a t i o n  (which c o r r e c t e d  f o r  b o t h  e l e c t r o n i c  d r i f t  and 
v a r i a t i o n s  i n  s o l a r  i l l u m i n a t i o n )  was u t i l i z e d .  The 
t e s t  f i e l d  r e s u l t s  i n d i c a t e d  t h a t  wi thou t  t h e  two-point 
c a l i b r a t i o n ,  t h e r e  was a  g e n e r a l  d e c r s a s e  i n  accuracy  
as c l a s s i f i c a t i o n  was a t t empted  f o r  a r e a s  f u r t h e r  and 
f u r t h e r  from t h e  t r a i n i n g  s i t e .  
( 3 )  Proper  c a l i b r a t i o n  allowed r e c o g n i t i o n  a c c u r a c i e s  of 
91% t o  be o b t a i n e d  f o r  t e s t  a r e a s  80 m i l e s  away from 
t h e  t r a i n i n g  sample l o c a t i o n .  
(4)  I n  g e n e r a l ,  t h e  two-point c a l i b r a t i o n  ( d r i f t  and 
i l l u m i n a t i o n )  should be u t i l i z e d  i n  a l l  d a t a  a n a l y s i s  
i n v o l v i n g  l a r g e  geograph ic  a r e a s .  
(5) The c a l i b r a t i o n  p rocedures  u t i l i z e d  appeared t o  s a t i s f a c t o r i l y  
a d j u s t  f o r  manual changes  i n  t h e  g a i n  s e t t i n g ,  a l t h o u g h  
f u r t h e r  a n a l y s i s  a l o n g  t h i s  l i n e  is  recommended. 
( 6 )  IJse o f  t h e  s u n  s e n s o r  t o  c a l i b r a t e  t h e  s c a n n e r  d a t a  
proved u n s a t i s f a c t o r y  under c o n d i t i o n s  of  s c a t t e r e d  
cumulus c l o u d s ,  s i n c e  t h e  shadow c o n d i t i o n s  on t h e  ground 
were q u i t e  v a r i a b l e  and d i f f e r e n c e s  i n  i l l u m i n a t i o n  a t  t h e  
a i r p l a n e  and on t h e  ground below t h e  a i r p l a n e  d i d  no t  
c o i n c i d e .  
( 7 )  Even though c o n d i t i o n s  of t h e  ground cover  were s t r i k i n g  
and more pronounced a l o n g  t h e  eas t -wes t  f l i g h t l i n e  a r e a  
t h a n  had been a n t i c i p a t e d ,  a d e q u a t e  t r a i n i n g  of  t h e  
c l a s s i f i e r  ( i n v o l v i n g  s e l e c t i o n  o f  r e p r e s e n t a t i v e  samples  
o f  d a t a  from t h e  v a r i o u s  c o n d i t i o n s  and s t a g e s  o f  m a t u r i t y ) ,  
a l lowed  r e a s o n a b l y  a c c u r a t e  a u t o m a t i c  c l a s s i f i c a t i o n  
r e s u l t s  t o  be  o b t a i n e d  from a n  a r e a  e x t e n d i n g  more t h a n  
90 m i l e s  from e a s t  t o  west .  
I t  i s  s t r o n g l y  recommended t h a t  a d d i t i o n a l  s t u d i e s  o f  n a t u r a l  
v a r i a b i l i t y  o v e r  l a r g e  geograph ic  t e s t  s i t e s  b e  conducted f o r  many 
cover  t y p e s  and s p e c i e s .  It i s  a n t i c i p a t e d  t h a t  ERTS and SKYLAB d a t a  
w i l l  o f f e r  many e x c e l l e n t  o p p o r t u n i t i e s  f o r  t h i s  t y p e  o f  endeavor .  
ACREAGE ESTIXATES FOR A 504-SQUARE-WILE MEA 
The t h i r d  s t u d y  t o  be  r e p o r t e d  i n v o l v i n g  a u t o m a t i c  c l a s s i f i c a t i o n  
r e s u l t s  o v e r  extended t e s t  s i t e s  concerned a n  a t t e m p t  t o  c o n v e r t  a u t o -  
m a t i c  c l a s s i f i c a t i o n  r e s u l t s  t o  a c r e a g e  e s t i m a t e s  of v a r i o u s  cover  
t y p e s ,  and t o  compare t h e s e  a c r e a g e  e s t i m a t e s  t o  e x i s t i n g  f i g u r e s  
p u b l i s h e d  by t h e  Crops and L i v e s t o c k  R e p o r t s  of  t h e  S t a t i s t i c a l  Repor t ing  
S e r v i c e ,  U.S. Department o f  A g r i c u l t u r e ,  and t h e  Census of  A g r i c u l t u r e ,  
U.S. Jepar tment  o f  Commerce (Johnson,  1971) .  
I n  t h i s  s t u d y ,  f i v e  f l i g h t l i n e s  i n  Tippecanoe County,  I n d i a n a  were 
ana lyzed .  Tippecanoe County is  a n  a r e a  o f  504 s q u a r e  m i l e s ,  o r  
322,560 a c r e s ,  and t h e  s c a n n e r  d a t a  were c o l l e c t e d  by a i r c r a f t  from 
a n  a l t i t u d e  of 5000 f e e t ;  a  s c a n n e r  swath wid th  o f  1.11 m i l e s  was 
u t i l i z e d ,  r e s u l t i n g  i n  a n  a r e a  o f  82,372 a c r e s  b e i n g  over f lown.  
T h e r e f o r e ,  25.75X o f  t h e  t o t a l  a r e a  i n  Tippecanoe County w a s  i n c l u d e d  
i n  t h e  sample.  Each r e s o l u t i o n  e lement  d i g i t i z e d  and ana lyzed  r e -  
p r e s e n t e d  a n  a r e a  e q u i v a l e n t  t o  approx imate ly  1600 s q u a r e  f e e t  ( t h e  
r e s o l u t i o n  e lement  i m e d i a t e l y  below t h e  a i r p l a n e  r e p r e s e n t s  a  much 
s m a l l e r  a r e a  t h a n  one o f f  t o  t h e  s i d e  o f  t h e  f l i g h t l i n e  because  o f  t h e  
geometry of  m u l t i s p e c t r a l  s c a n n e r s . )  The d a t a  f o r  e a c h  o f  t h e  f i v e  
f l i g h t l i n e s  was c l a s s i f i e d  i n t o  cover  t y p e s  d e s i g n a t e d  as: 
. co rn  
. soybeans 
. f o r a g e s  
. t r e e s  
. b a r e  s o i l  
.wa te r  
The " fo rages : '  c a t e g o r y  r e p r e s e n t s  hay ,  p a s t u r e ,  wheat s t u b b l e  and o a t  
s t u b b l e .  Tab le  I V  i n d i c a t e s  t h e  number of RSU's i n  each of t h e  cover  
t y p e s  i n  t h e  t e s t  a r e a s ,  t h e  number of RSU'S c o r r e c t l y  c l a s s i f i e d  i n  each 
cover  t y p e  (by f l i g h t l i n e ) ,  and t h e  p e r c e n t a g e  c o r r e c t  c l a s s i f i c a t i o n  
f o r  each  cover  t y p e  i n  t h e  test a r e a s .  The accuracy  of t h e  t r a i n i n g  
c a t e g o r i e s  was even b e t t e r  t h a n  t h e  t e s t  c l a s s i f i c a t i o n ,  as a n t i c i p a t e d .  
T r a i n i n g  f i e l d  a c c u r a c i e s  a r e  n o t  g iven  h e r e  a s  t h e y  do n o t  r e a l l y  
r e p r e s e n t  t h e  o v e r a l l  accuracy  o f  au tomat ic  c l a s s i f i c a t i o n  f o r  t h e  
f l i g h t l i n e .  F i g u r e  7 shows t h e  c l a s s i f i c a t i o n  r e s u l t s  f o r  each of t h e  
f l i g h t l i n e s  invo lved .  T h i s  b a r  g raph  r e p r e s e n t s  t h e  m a t e r i a l  i n  Tab le  
I V ,  b u t  i n  more u n d e r s t a n d a b l e  form, and w i t h  t h e  w a t e r ,  s o i l ,  and t r e e  
c l a s s e s  combined a s  " o t h e r , "  s i n c e  t h e y  r e p r e s e n t  r e l a t i v e l y  small 
numbers of d a t a  p o i n t s .  In  t h i s  c a s e ,  t h e  h e i g h t  of t h e  b a r  i n d i c a t e s  
t h e  t o t a l  number o f  p o i n t s  cons idered  i n  t e s t i n g  t h e  c l a s s i f i c a t i o n  
r e s u l t s .  The number of p o i n t s  c o r r e c t l y  c l a s s i f i e d  a r e  t h e n  i n d i c a t e d  
by t h e  lower  p o r t i o n  of t h e  b a r ,  t h e  number i n c o r r e c t l y  c l a s s i f i e d  by 
t h e  upper p o r t i o n  of t h e  b a r ,  and t h e  pe rcen tage  c o r r e c t  c l a s s i f i c a t i o n  
i s  a l s o  shown a t  t h e  top  of t h e  i n d i v i d u a l  b a r s .  I n  comparing t h e  
h e i g h t  o f  t h e  b a r  w i t h  t h e  number of d a t a  p o i n t s  invo lved ,  (shown on t h e  
o r d i n a t e ) ,  one s e e s  t h a t  t h e r e  may be a s  much a c r e a g e  p l a n t e d  i n  soy- 
beans  a s  i n  c o r n  f o r  an  i n d i v i d u a l  f l i g h t l i n e .  I n  o t h e r  f l i g h t l i n e s ,  
t h e r e  w i l l  be  t w i c e  a s  much c o r n  a s  soybeans p r e s e n t .  T h i s  i n d i c a t e s  
t h a t  o u r  t e c h n i q u e s  f o r  sampl ing need t o  be c a r e f u l l y  deve loped ,  and 
t h a t  a n  a c c u r a t e  sample of cover  t y p e s  is  mandatory i n  o r d e r  t o  o b t a i n  
a c c u r a t e  a c r e a g e  e s t i m a t e s  f o r  l a r g e  geograph ic  a r e a s .  F igure  8 shows 
t h e  combinat ion f o r  a l l  f i v e  f l i g h t l i n e s .  Again t h e  h e i g h t  o f  t h e  b a r  
shows t h e  number of d a t a  p o i n t s  invo lved  i n  t e s t i n g  t h e  accuracy  of 
t h e  c l a s s i f i c a t i o n .  An a c t u a l  p e r c e n t a g e  c o r r e c t  c l a s s i f i c a t i o n  f o r  
t h e  test a r e a s  f o r  each o f  t h e  f o u r  major cover  t y p e  groups  c o n s i d e r e d  
is  shown a t  t h e  t o p  of t h e  ba r .  F igure  9 snows t h e  o v e r a l l  r e s u l t s  f o r  
t h e  sample a r e a  i n  terms of t h e  p e r c e n t  c o r r e c t  c l a s s i f i c a t i o n .  I n  
t h i s  f i g u r e ,  t h e  number of d a t a  p o i n t s  invo lved  i n  de te rmin ing  t h e  
p e r c e n t  c l a s s i f i c a t i o n  f o r  each of t h e  cover  t y p e s  i s  i n d i c a t e d  on  t h e  
b a r .  The c l a s s i f i c a t i o n  accuracy  f o r  t h e  "water ,"  " s o i l  ,!' and " t r e e s "  
c a t e g o r i e s  ( p r e v i o u s l y  grouped t o g e t h e r  a s  "other")  i s  a l s o  shown. 
S ince  i t  appeared t h a t  t h e  accuracy  of t h e  c l a s s i f i c a t i o n  w a s  
r e a s o n a b l y  h i g h ,  the nex t  s t e p  was t o  c o n v e r t  each r e s o l u t i o n  element 
i n  t h e  s c a n n e r  d a t a  t o  a n  a c r e a g e  f i g u r e .  Table  V shows t h e  number of 
d a t a  p o i n t s  i n  each cover  t y p e  c l a s s  f o r  t h e  e n t i r e  a r e a  overf lown.  
For t h i s  d a t a ,  an  average  o f  2 7 . 2  r e s o l u t i o n  e lements  i n  t h e  s c a n n e r  
d a t a  was used t o  r e p r e s e n t  one a c r e  of  c o v e r  t y p e .  T h i s  f i g u r e  was 
t h e n  expanded t o  t h e  e n t i r e  322,560 a c r e s  f o r  t h e  c o u n t y ,  and a n  a c r e a g e  
e s t i m a t e  f o r  e a c h  of  t h e  cover  t y p e s  of i n t e r e s t  f o r  t h e  e n t i r e  county  
was o b t a i n e d .  F i g u r e  1 0  shows t h e  r e s u l t s  o b t a i n e d .  The p e r c e n t a g e  
o f  t h e  t o t a l  a r e a  i n  t h e  coun ty  e s t i m a t e d  t o  be  i n  t h e  d i fEeren t :  cover  
t y p e s  i s  a l s o  i n d i c a t e d .  A s  c a n  be s e e n ,  t h e  computer a c r e a g e  c a l -  
c u l a t i o n s  r e s u l t e d  i n  an e s t i m a t e  of  323,853 a c r e s  f o r  t h e  t o t a l  a r e a  
i n  t h e  c o u n t y ,  whereas  t i le  a c t u a l  a r e a  is  322,560 a c r e s .  Cons ide r ing  
t h e  Fac t  t h a t  geomet r i c  c o r r e c t i o n  had no t  been made on t h e  d a t a  and t h a t  
a n  a v e r a g e  f i g u r e  was used t o  r e p r e s e n t  t h e  r e s o l u t i o n  e l e m e n t s  f o r  
a l l  l o o k  a n g l e s  o f  s c a n n e r  d a t a ,  i t  i s  f e l t  t h a t  t h i s  d i f f e r e n c e  is w e l l  
w i t h i n  t h e  a c c u r a c y  of  t h e  t e c h n i q u e s  u t i l i z e d ,  and i s  t h e r e f o r e  
n e g l i g i b l e .  
The e s t i m a t e d  a c r e a g e  f o r  t h e  d i f f e r e n t  c o v e r  t y p e s  o b t a i n e d  by 
computer c l a s s i f i c a t i o n  were t h e n  compared w i t h  t h e  Census o f  A g r i c u l t u r e  
r e p o r t s  and t h e  Crops and L i v e s t o c k  r e p o r t s .  I n  some c a s e s ,  t h e  d i f f e r e n t  
cover  t y p e s  cou ld  n o t  be  d i r e c t l y  compared because  t h e  o f f i c i a l l y  
p u b l i s h e d  f i g u r e s  d i d  n o t  c o n t a i n  any d a t a  f o r  c e r t a i n  c o v e r  t y p e s  which 
were used i n  o u r  computer c l a s s i f i c a t i o n .  A s  shown i n  F i g u r e  11, t h e r e  
i s  a  f a i r l y  wide v a r i a t i o n  i n  even t h e  pub l i shed  e s t i m a t e s  of  a c r e a g e  
f o r  some of  t h e  c o v e r  t y p e s .  For example, t h e  p u b l i s h e d  r e p o r t s  
i n d i c a t e  a  v a r i a t i o n  f o r  c o r n  of  from 82,510 t o  76,9013 a c r e s .  T h e r e f o r e ,  
we f e e l  t h a t  o u r  remote s e n s i n g  e s t i m a t e  o f  84,210 a c r e s  of  c o r n  i n  t h e  
county  i s  w e l l  w i t h i n  r e a s o n ,  and compares f a v o r a b l y  w i t h  t h e  a c c u r a c y  
of  c u r r e n t  t e c h n i q u e s  f o r  e s t i m a t i n g  a c r e a g e .  
These r e s u l t s  a r e  p a r t i c u l a r l y  s i g n i f i c a n t , - i n  t h a t  t h i s  may be t h e  
f i r s t  t i m e  t h a t  a c r e a g e  e s t i m a t e s  have been o b t a i n e d  from m u l t i s p e c t r a l  
scanner  d a t a  and t h a t  t h e s e  e s t i m a t e s  have t h e n  been compared t o  p u b l i s h e d  
f i g u r e s  f o r  d i f f e r e n t  c o v e r  t y p e s  o v e r  a  r e a s o n a b l y  l a r g e  geograph ic  
a r e a .  A t  l e a s t  two f a c t o r s  appear  t o  be r e q u i r e d  i n  o r d e r  t o  o b t a i n  
a c r e a g e  e s t i m a t e s  w i t h  s c a n n e r  d a t a  which a r e  r e a s o n a b l y  c l o s e  t o  a c t u a l  
a c r e a g e  e s t i m a t e s  f o r  t h e  a r e a .  F i r s t ,  t h e  sample covered by t h e  s c a n n e r  
d a t a  must be l a r g e  enough t o  be r e p r e s e n t a t i v e  o f  t h e  a r e a .  l in imal  
sample s i z e  and number o f  samples  r e q u i r e d  f o r  any p a r t i c u l a r  a r e a  would,  
o f  c o u r s e ,  be  a  f u n c t i o n  of t h e  v a r i a b i l i t y  of t h e  m a t e r i a l s  w i t h i n  tile 
a r e a .  A g r e a t  d e a l  o f  a d d i t i o n a l  work needs  t o  be done i n  sampl ing 
t e c h n i q u e s  f o r  remote s e n s i n g  purposes .  The second requ i rement  f o r  
a c c u r a t e  a c r e a g e  e s t i m a t e s  of  a n  a r e a  would be  t r l a t  s i l f f i c i e n t l y  a c c u r a t e  
c l a s s i f i c a t i o n  r e s u l t s  must be o b t a i n e d .  Again,  a d d i t i o n a l  work remains  
t o  be done i n  o r d e r  t o  d e f i n e  what a  " s u f f i c i e n t l y "  a c c u r a t e  c l a s s i f i c a t i o n  
r e a l l y  i n v o l v e s .  
URBAN LAND-USE AXALYSIS 
Land-use i s  chang ing  e v e r y  y e a r  i n  many p a r t s  of  t h e  world and 
o u r  n a t i o n .  Such l and-use  changes  o f t e n  i n v o l v e  l a r g e  geograph ic  a r e a s .  
The g r e a t e s t  p o r t i o n  o f  t h e s e  changes  i n  t h e  Uni ted  S t a t e s  d u r i n g  r e c e n t  
y e a r s  h a s  o c c u r r e d  when a g r i c u l t u r a l  and f o r e s t  l a n d s  a r e  c o n v e r t e d  t o  
h o u s i n g ,  i n d u s t r y ,  highways,  p u b l i c  b u i l d i n g s  and p a r k s .  The e f f e c t s  
a s s o c i a t e d  w i t h  t h e s e  changes  a r e  numerous and f a r - r e a c h i n g .  We f e e l  
t h a t  remote  m u l t i s p e c t r a l  s e n s i n g  has  a  p o t e n t i a l  f o r  o b t a i n i n g  v a l u a b l e  
d a t a  t o  u s e  i n  l and-use  a n a l y s i s  and p l a n n i n g  f u t u r e  developments .  The 
c a p a b i l i t y  f o r  s a t e l l i t e s  t o  o b t a i n  remote  s e n s i n g  d a t a  ove r  l a r g e  geo- 
g r a p h i c  a r e a s  and a t  r e g u l a r  t ime  i n t e r v a l s  shou ld  o f f e r  a  g r e a t  d e a l  of  
p o t e n t i a l  i n f o r m a t i o n  t o  a d e q u a t e l y  p l a n  f o r  t h e  e a r l y  development o f  
t h e  l a n d s c a p e  o f  o u r  n a t i o n .  
I n  a p i l o t  p r o j e c t  t h i s  p a s t  y e a r ,  a  t y p i c a l  s m a l l  s u b d i v i s i o n  
l o c a t e d  n e a r  L a f a y e t t e ,  I n d i a n a  over  which s c a n n e r  d a t a  h a s  been ob- 
t a i n e d ,  was a n a l y z e d .  Automatic d a t a  p r o c e s s i n g  t e c h n i q u e s  were u t i l i z e d  
t o  d e t e r m i n e  t h e  amount of t h e  a r e a  i n  t h i s  u rban  development which w a s  
under ha rd  s u r f a c e  cover  and t h a t  which was under permeable  cover  t y p e s .  
F i g u r e  12-A shows a  b l a c k  and w h i t e  v e r s i o n  of a  c o l o r  i n f r a r e d  photo  o f  
t h e  a r e a  a n a l y z e d .  F i g u r e  12-U d e p i c t s  t h e  a u t o m a t i c  computer c l a s s i -  
f i c a t i o n  o f  t h e  a r e a s  i d e n t i f i e d  a s  e i t h e r  t r e e s ,  s h r u b s ,  o r  g r a s s .  
Comparison between F i g u r e s  12-A and 12-B i n d i c a t e s  a h i g h  d e g r e e  o f  a c c u r a c y  
f o r  t h e  computer c l a s s i f i c a t i o n  r e s u l t s .  F i g u r e  1 2 - C  shows t h e  a r e a s  
i d e n t i f i e d  by t h e  computer a s  man-made and h a r d  s u r f a c e  a r e a s .  These  have  
been s u b d i v i d e d  i n t o  e i t h e r  " roof"  o r  " s t r e e t s  and d r iveways . ' '  I n  some 
c a s e s ,  t h e  c l a s s i f i c a t i o n  f o r  roof  s u r f a c e s  is  somewhat i n a c c u r a t e  due 
t o  shadow e f f e c t s .  However, t h e  t o t a l  ha rd  s u r f a c e  a r e a  c l a s s i f i c a t i o n  
a p p e a r s  t o  be  f a i r l y  a c c u r a t e .  
The c l a s s i f i c a t i o n  a c c u r a c y  o f  t h i s  a n a l y s i s  was t e s t e d  u s i n g  two 
d i f f e r e n t  p h o t o i n t e r p r e t a t i o n  t e c h n i q u e s .  The f i r s t  i nvo lved  t h e  u s e  o f  
a  v e r y  f i n e  d o t  g r i d  coun t  of  t h e  a r e a .  The second p r o c e d u r e  was t o  
p l a n i m e t e r  t h e  h a r d  s u r f a c e  a r e a s .  F i g u r e  12-D shows t h e  compar ison between 
t h e  p e r c e n t a g e  o f  t h e  a r e a  shown i n  F i g u r e  12-A a s  de te rmined  by d o t  
g r i d  t e c h n i q u e s ,  and t h e  computer c l a s s i f i c a t i o n  r e s u l t s .  Thus ,  t h e  
computer i n d i c a t e d  t h a t  8% of  t h e  a r e a  was covered  by roof  s u r f a c e s ,  t h e  
p h o t o i n t e r p r e t a t i o n  d o t  g r i d  e s t i m a t e  i n d i c a t e d  8 .22  coverage  by roof  
s u r f a c e s ,  e t c .  I n  t o t a l ,  t h e  computer e s t i m a t e  i n d i c a t e d  t h a t  24.4% o f  t h i s  
a r e a  was covered  by hard s u r f a c e  whereas  t h e  d o t  g r i d  a n a l y s i s  i n d i c a t e d  
21.52 o f  t h e  a r e a  had a ha rd  s u r f a c e  c o v e r .  
IJe b e l i e v e  t h a t  t h e  r e s u l t s  o f  t h e s e  t y p e s  o f  a n a l y s e s  c o u l d  be 
a v a l u e  i n  p l a n n i n g  f o r  c u l v e r t s  and o t h e r  r u n o f f  d e s i g n  s p e c i f i c a t i o n s  
in urbanized watershed areas. For example, a one-inch rain in a one-hour 
time period for an area such as this, where about 20-25% of the area is 
under impermeable cover, would call for a different runoff design than an 
area where 507; of the watershed is under hard surface cover. 
This was the laboratory's first attempt to quantify an urban land-use 
scene. The results show promise for the role of remote sensing in the 
rapid identification and mapping of present and changing patterns in 
land-use. The rapid changes taking place in this country and the increasing 
pressure on our land resources indicate that these techniques will prove 
most valuable for the management and development of our land resources 
in the years ahead. 
LJATER QUALITY STIT3IES 
The water quality studies to be reported upon are an extension of 
water resource studies involving temperature calibration techniques of 
multispectral scanner data. The University of Michigan multispectral 
scanner has hot and cold plates mounted within the field of view of the 
thermal infrared channels. These calibration plates can be used to 
obtain calibrated data, in order to remotely measure true radiometric 
temperatures, providing the emissivity of the objects being scanned is 
approximately E = 1.2. The previous work at LARS has shown that these 
calibration techniques can be used with a high degree of accuracy for 
obtaining temperature maps of water bodies. ?leasurements made of the 
water temperature from boats on the river at the time the scanner was 
flown over confirm that the accuracy of temperature measurements obtained 
from scanner calibration is usually with .2-.4OC of the temperature 
obtained for the same area from the scanner data. 
In studying the correlation between temperature measurements made on 
the river and the temperature obtained from calibrated scanner data, 
we noticed that the scanner data seemed to be quite variable as one 
viewed the entire water body. Further investigation appeared to indicate 
that the variation observed was not due to normal variations in temperature 
of the water surface, but rather was due to noise in the scanner data. 
In an attempt to reduce the amount of noise in the scanner data, a 
sequence of line averaging and weighted line averaging studies were 
carried out. One must remember that in utilizing data from line scanner 
systems from altitudes of 2000 feet, only every 8th scan line is required 
for contiguous scanner coverage. Thus in our digitization process, 
seven of the eight scan lines norinally were not being utilized. By digi- 
tizing all eight scan lines and averaging all eight scan lines, or four 
out of the eight, or three out of the eight, etc., we found that the amount 
of noise in the data could be substantially reduced. Figure 13 shows a 
single column line of data taken along the line of flight; the top of 
t i l i s  graph shows r e s u l t s  of a s i n g l e  s c a n  l i n e ,  t h e  bottom graph  shows 
t h e  r e s u l t s  where e i g h t  s c a n  l i n e s  were averaged t o g e t h e r  and d i s p l a y e d  
a s  s i n g l e  s c a n  l i n e s  of d a t a .  The r e d u c t i o n  i n  t h e  amount of v a r i a b i l i t y  
i n  t h e  scanner  d a t a ,  due t o  use  of t h e  l i n e  averag ing  t echn ique  i s  q u i t e  
a p p a r e n t  i n  t h i s  f i g u r e .  F i g u r e  14 shows t h e  r e s u l t s  of such l i n e  
a v e r a g i n g  a p p l i e d  t o  a n  e n t i r e  segment o f  t h e  f l i g h t l i n e ,  and d i s p l a y e d  
i n  a  map fo rmat .  On t h e  l e f t  i s  t h e  s c a n n e r  p r i n t o u t  o f  c a l i b r a t e d  
the rmal  d a t a  i n  t h e  3 t o  13 .5  pm p o r t i o n  of t h e  spectrum. The Wabash 
Xiver i s  f lowing  from n o r t h  t o  s o u t h ,  and t h e  Tippecanoe River  e n t e r s  
t h e  Wabash from t h e  west  ( l e f t ) .  From t h e  c a l i b r a t i o n  l e v e l s  i n d i c a t e d  
f o r  t h e  d a t a ,  i t  c a n  be e a s i l y  observed t h a t  t h e  Tippecanoe River  i s  
c o o l e r  t h a n  t h e  Gabash River  i n t o  which i t  f lows.  J u s t  above t h e  j u n c t i o n  
of t h e s e  two r i v e r s  t h e r e  a p p e a r s  t o  be q u i t e  a  g r e a t  d e a l  of v a r i a b i l i t y  
i n  t h e  t e m p e r a t u r e  of t h e  r i v e r  a s  i n d i c a t e d  by t h e  s c a t t e r i n g  of p o i n t s  
r e p r e s e n t i n g  d i f f e r e n t  t empera tu re  l e v e l s .  The  r e s u l t s  o f  a v e r a g i n g  
e i g h t  s c a n  l i n e s  and d i s p l a y i n g  them a s  a  s i n g l e  s c a n  l i n e  a r e  shown on 
t h e  r i g h t .  I n  t h i s  c a s e  one s e e s  t h a t  t h e r e  i s  a much s m a l l e r  amount of 
t empera tu re  v a r i a t i o n  i n  t h e  d a t a  d i s p l a y e d .  The r e s u l t s  o f  a v e r a g i n g  
f o u r  scan  l i n e s  and t h e n  n o t  u s i n g  t h e  i n t e r v e n i n g  f o u r  scan  l i n e s  of 
d a t a  o b t a i n e d  a t  t h i s  a l t i t u d e  showed v e r y  s i m i l a r  r e s u l t s  t o  t h o s e  
d i s p l a y e d  i n  t h i s  f i g u r e .  Thus, i t  a p p e a r s  t h a t  a  c o n s i d e r a b l e  i n c r e a s e  
i n  d a t a  q u a l i t y  can be o b t a i n e d  th rough  some of t h e s e  p r e p r o c e s s i n g  
t e c h n i q u e s .  I n  a d d i t i o n ,  c o r r e c t i o n s  f o r  s c a n n e r  look  a n g l e ,  sun a n g l e ,  
e t c .  must f r e q u e n t l y  s t i l l  be a p p l i e d .  A d d i t i o n a l  work remains  t o  be 
done t o  d e t e r n i n e  t n e  e f f e c t  of sucn l i n e  a v e r a g i n g  t e c h n i q u e s  on t h e  
q u a l i t y  o f  t h e  d a t a  f o r  a g r i c u l t u r a l  v e g e t a t i o n  and s o i l  a n a l y s i s  
problems . 
The work t h i s  p a s t  y e a r  h a s  i n d i c a t e d  more c l e a r l y  t h a n  e v e r  b e f o r e  
t h a t  when d e a l i n g  w i t h  n a t u r a l  v e g e t a t i v e  s o i l  and hydro log ic  f e a t u r e s ,  
t h e  n a t u r a l  v a r i a b i l i t y  of t h e s e  m a t e r i a l s  i s  s i g n i f i c a n t .  However, a s  
i n d i c a t e d  i n  F i g u r e  1 5 ,  t h e r e  a r e  s e v e r a l  o t h e r  f a c t o r s  b e s i d e s  t h e  
n a t u r a l  geograpn ic  v a r i a t i o n  of t h e  m a t e r i a l s  which can  c a u s e  d i s t i n c t  
and s i g n i f i c a n t  v a r i a t i o n  i n  t h e  s i g n a l s  b e i n g  recorded .  iJe a r e  look ing  
forward w i t h  g r e a t  a n t i c i p a t i o n  t o  working w i t h  d a t a  i r o n  ERTS and 
SKYLAB, s i n c e  d a t a  c o l l e c t e d  i n  t h e s e  exper iments  w i l l  be o b t a i n e d  over  
a  l a r g e  geograph ic  a r e a  and i n  a n  ex t remely  s h o r t  t ime  p e r i o d  ( a s  com- 
pared t o  t h e  t ime  r e q u i r e d  t o  c o l l e c t  t h e  f l i g h t l i n e  d a t a  u s i n g  a n  
a i r c r a f t  s y s t e m ) ,  and a l s o  t h e  s a t e l l i t e  d a t a  w i l l  i n v o l v e  a  much s m a l l e r  
s c a n  a n g l e .  The EXTS and SKYLA3 d a t a  shou ld  t h e r e f o r e  a l l o w  some of 
t h e  c a u s e s  of s p e c t r a l  v a r i a b i l i t y  such  as i l l u m i n a t i o n  c o n d i t i o n s ,  
i n s t r u m e n t a t i o n  d r i f t  and a d j u s t m e n t s ,  and a tmospher ic  c o n d i t i o n s  (which 
change over  t i m e ) ,  t o  be minimized. T h i s  w i l l  a l l o w  u s  t o  b e t t e r  
unders tand  t h e  r e g i o n a l  v a r i a t i o n  and s p e c t r a l  r e s p o n s e  of  t h e  v e g e t a t i o n ,  
w a t e r ,  and s o i l s ,  w i t h  which t h e  Biogeophys ica l  Group a t  LARS i s  
p a r t i c u l a r l y  concerned.  
Conc lus ions  o f  t h e  p r o j e c t s  t h i s  p a s t  y e a r  i n v o l v e  s e v e r a l  a d d i t i o n a l  
a s p e c t s ,  which can  be  summarized a s  f o l l o w s :  
1 . )  Bas ic  cover  t y p e s  can  b e  a u t o m a t i c a l l y  mapped w i t h  
a  h i g h  d e g r e e  of  accuracy  i n  s p i t e  o f  t h e  n a t u r a l  
v a r i a b i l i t y  o f  t h e  m a t e r i a l .  
2.) C a l i b r a t i o n  o f  s c a n n e r  d a t a  a l l o w s  s i g n i f i c a n t  
improvement i n  t h e  accuracy  o f  c l a s s i f i c a t i o n  o f  
c r o p  s p e c i e s  when e x t r a p o l a t i n g  from one  geograph ic  
a r e a  t o  a n o t h e r  many m i l e s  away. 
3 . )  C a l i b r a t i o n  and p r e p r o c e s s i n g  t e c h n i q u e s  s i g n i f i c a n t l y  
improve many a s p e c t s  o f  d a t a  q u a l i t y .  However, t h e s e  
t e c h n i q u e s  must b e  a p p l i e d  t o  t h e  m u l t i s p e c t r a l  s c a n n e r  
d a t a  w i t h  c a u t i o n ,  f o r  t h e y  c o u l d  c a u s e  more harm t h a n  
h e l p  i n  t h e  a u t o m a t i c  c l a s s i f i c a t i o n  of  any p a r t i c u l a r  
s e t  of  d a t a .  For example,  under c o n d i t i o n s  of v a r i a b l e  
c l o u d  c o v e r ,  s u n  s e n s o r  c a l i b r a t i o n  proved q u i t e  un- 
s a t i s f a c t o r y .  I n  g e n e r a l ,  however, i t  would appear  t h a t  
d r i f t  and i l l u m i n a t i o n  c a l i b r a t i o n  w i l l  g e n e r a l l y  be  
r e q u i r e d  f o r a i r c r a f t  d a t a  c o l l e c t e d  o v e r  l a r g e  geograph ic  
a r e a s .  
4 . )  V a r i a t i o n s  i n  ground covzr  c o n d i t i o n s  o f t e n  a r e  much inore 
pronounced t n a n  a n t i c i p a t e d .  iIowever, a d e q u a t e  t r a i n i n g  
of  t h e  c l a s s i f i e r ,  i n v o l v i n g  s e l e c t i o n  of sainples t o  r e -  
p r e s e n t  t h e  t o t a l  r a n g e  of  c r o p  c o n d i t i o n s  and s t a g e s  
of  m a t u r i t y ,  d i d  a l l o w  s a t i s f a c t o r y  c l a s s i f i c a t i o n  of  
t h e  d a t a .  S t u d i e s  i n v o l v i n g  a d a p t i v e  c l a s s i f i c a t i o n  
t e c h n i q u e s  must be developed and t e s t e d .  
5 . )  P r e l i m i n a r y  work on a e r i a l  e s t i m a t e s  of  a c r e a g e  o f  
major c r o p  s p e c i e s  and v a r i o u s  o t h e r  cover  t y p e s  f o r  
a r e a s  i n  e x c e s s  of 300,000 a c r e s  i n d i c a t e d  a  h i g h  
d e g r e e  of  a c c u r a c y ,  and o f f e r s  good promise f o r  
improving c u r r e n t  t e c h n i q u e s  f o r  such a c r e a g e  e s t i -  
mates .  It is  s i g n i f i c a n t  t h a t  t h e s e  r e s u l t s  were 
o b t a i n e d  w i t h  scanner  d a t a  t h a t  had n o t  been geo- 
n e t r i c a l l y  c o r r e c t e d .  T h i s  t e c h n i q u e  a l s o  a p p e a r s  
t o  o f f e r  a n o t l ~ e r  method o f  e v a l u a t i n g  t h e  accuracy  
of  c l a s s i f i c a t i o n  r e s u l t s ,  p rov ided  t h e  a r s a  sampled 
i s  l a r g e  enough, and t h a t  t h e  e x i s t i n g  a c r e a g e  f i g u r e s  
from o t h e r  s o u r c e s  a r e  r e a s o n a b l y  a c c u r a t e .  
I t  i s  b e l i e v e d  t h a t  t h e s e  r e s u l t s  concern ing  a  d e v e l o p i n g  c a p a b i l i t y  
t o  a c c u r a t e l y  i d e n t i f y  and map v a r i o u s  a g r i c u l t u r e  cover  t y p e s  and 
o b t a i n  a c c u r a t e  a c r e a g e  e s t i m a t e s  ( a s  were i n d i c a t e d  i n  F i g u r e  1 3 )  a r e  
among t h e  major  m i l e s t o n e s  t h a t  have been ach ieved  i n  a u t o m a t i c  d a t a  
a n a l y s i s  r e s e a r c h  t o  d a t e .  
A p p r e c i a t i o n  i s  e x p r e s s e d  t o  t h e  A i r p h o t o  I n t e r p r e t a t i o n  and 
Photogrammetry L a b o r a t o r y ,  Schoo l  of  C i v i l  E n g i n e e r i n g ,  Purdue  U n i v e r s i t y  
f o r  u s e  o f  t h e  Highway 37 s c a n n e r  and p h o t o g r a p h i c  d a t a .  
'411 a i r c r a f t  s c a n n e r  d a t a  and  t h e  40-county p h o t o g r a p h i c  d a t a  used  
were c o l l e c t e d  by t h e  I n s t i t u t e  o f  S c i e n c e  and Techno logy ,  U n i v e r s i t y  o f  
: .Iichigan. 
The r e s e a r c h  summarized h e r e i n  was s u p p o r t e d  by  XASA u n d e r  Gran t  
?JGL 15-005-112. G r a t e f u l  a p p r e c i a t i o n  is  e x p r e s s e d  t o  )?hS~l  f o r  t h i s  
s u p p o r t .  
The v a r i o u s  i n d i v i d u a l  s t u d i e s  were  c a r r i e d  o u t  by D r .  J a n  C i p r a ,  
i i e sea rch  Agronomist  a t  LARS; I l r .  E r i c  S t o n e r ,  g r a d u a t e  s t u d e n t ;  Mr. 
F o r r e s t  Goodr i ck ,  Resea rch  F o r e s t e r  a t  LLYS; Xr. Gary Johnson ,  g r a d u a t e  
s t u d e n t ;  D r .  C h r i s t i a n  J o h a n n s e n ,  A s s i s t a n t  P r o f e s s o r  of  Agronomy; 
Xr. P h i l l i p  LeZlanc ,  g r a d u a t e  s t u d e n t ;  :*lr. L u i s  B a r t o l u c c i ,  g r a d u a t e  
s t u d e n t ;  as w e l l  a s  t h e  a u t h o r .  
1. H o f f e r ,  R.!'I. 1968.  B i o p h y s i c a l  Xesearch a t  LARS-PUXDUZ. Z a r t h  
Resources  A i r c r a f t  Program S t a t u s  Review, ;JASA <fanned S p a c e c r a f t  
C e n t e r ,  IIouston,  Texas .  Vol.ume 11, p p .  31-1 t o  31-25. 
2 .  i Io f fe r  , IZ.;.I. and F. E. Goodrick.  137:l.  Gcograpliic C o n s i d e r a t i o n s  i n  
:l.cl tomat ic  Cover i'ype I d e n t i f i c a t i o n .  Proceeding o f  I n d i a n a  Academy 
o f  Sc ience .  ( I n  p r e s s )  
3 .  Johnson,  Gary I.:. 1971. Land-Use E v a l u a t i o n  Via Reno t e  P l u l t i s p e c t r a l  
Sensing Techniques .  Unpublished Ph.1). T h e s i s ,  aepar tment  of Geography 
and Geology, Ind iana  S t a t e  U n i v c r s i t y ,  T e r r e  Haute ,  I n d i a n a .  
4 .  Labora to ry  f o r  i i g r i c u l t u r a l  :\emote Sensinp,. 1970.  Remote ' I u l t i s p e c t r a l  
Sens ing  i n  L i g r i c u l t u r e ;  Volume 30. 4 ,  (Annual R e p o r t ) .  Research 
B u l l e t i n  :Jo. 8/44, { l g r i c u l  t u r a l  Experiment S t a t i o n ,  Purdue U n i v e r s i t y ,  
L a f a y e t t e ,  I n d i a n a .  112 p. 
5.  P h i l l i p s ,  T e r r y  L .  1969 .  C a l i b r a t i o n  of  Scanner  Data f o r  Opzra t ion  
P r o c e s s i n g  Programs a t  LARS. In fo rmat ion  Note 071063, Labora to ry  
f o r  A p p l i c a t i o n s  of  Xemote Sens ing ,  Furdue U n i v e r s i t y ,  L a f a y e t t e ,  










































































































































































































































































































































































































































































































































































Earth R e s o u r c e s  Data A n o l y s ~ s  S e q u e n c e  
B o s ~ c  Cover Type Mapplng 
I 
I I I I I I I  
Clouds Ice 8 Water So118 8 Vegetat~on Urban Other 






Grassland Brushland Forest Orchards Row Crops Srnoll Forages Other 
& Vineyards Gram 
Row Crops 
r-l-57 
Corn Sorghum Soybeans Coilon. Sugar Beets, 
1 etc n other geographic oreas 
Acreage Yield lnd~cators 
Maps Tables Vegetotlve Vegetative 
Dens~ty Cond~tlon 
M a t u r t y  Stresses 
Nut r~ent  insect D~seose Mo~s lu re  Other 
(Pollutants, e tc)  
Southern Corn Other 
Lea f  B l ~ g h l  
Figure  1. Data a n a l v s i s  sequence  i n  a u t o m a t i c  i d e n t i f i c a t i o n  
and mapping of  v a r i o u s  e a r t h  r e s o u r c e s  and t h e i r  c o n d i t i o n .  
F i g u r e  1-a  shows t h e  b a s i c  c o v e r  t y p e s  t h a t  cou ld  be m a ~ p e d  
and one p o s s i b l e  s u b d i v i s i o n  f o r  t h e  v e g e t a t i v e  c a t e g o r y .  
The a c r e a g e  and v i e l d  f a c t o r s  a r e  o f  pr imarv concern  f o r  each  
s p e c i e s  o f  concern ,  a s  p o i n t e d  o u t  i n  1-b. The complex 
i n t e r a c t i o n s  o f  manv s t r e s s  f a c t o r s ,  a l l  of  which mav i n f l u e n c e  
s p e c t r a l  r e sponse  of t h e  v e q e t a t i o n  b e i n g  s e n s e d ,  a r e  i n d i c a t e d  
i n  1-c. 
60 
Surface Horizons -Dry i 
1 SO 
2 0  
/ 
_--- 
-------- Chalmers S ~ l l y  Clay Lca 
60 T I I , -  
Wet and Dry 
4 0  - ,/ 6;ncas l le -~ry  - 
20 
50 
Crider - B Hornon 
Crurkd  1 / 
--/ 
- Dana - 
F ~ n c a s f l e  - - , DRY 
F i g u r e  2.  S p e c t r a l  r e f l e c t a n c e  o f  v a r i o u s  s o i l  c o n d i t i o n s .  
These d a t a  were  o b t a i n e d  i n  s i t u  under  c o n d i t i o n s  o f  n a t u r a l  
-- 
i l l u m i n a t i o n .  F i g u r e  2-a shows r e f l e c t a n c e  of  t h r e e  s o i l  
t v p e s  i n  a  d r y  c o n d i t i o n ,  w h i l e  2-b shows marked d i f f e r e n c e s  
i n  r e f l e c t a n c e  between wet and d r y  s o i l s  f o r  two s o i l  t v p e s .  
F i g u r e  2-c i n d i c a t e s  t h a t  t h e  r e f l e c t a n c e  f o r  some s o i l  t v p e s  
i n  a  dry  c o n d i t i o n  is very s i m i l a r  t o  t h e  r e f l e c t a n c e  o f  
o t h e r  s o i l s  t h a t  a r e  v e t .  The s u r f a c e  c o n d i t i o n  of a  dry  
s o i l  can cause  s i g n i f i c a n t  d i f f e r e n c e s  i n  s p e c t r a l  r e f l e c t a n c e ,  
a s  shown' i n  2-d. 





























~ Wate r (Northern Portion of Fltn) 
~ Water (Southern Portion of Fltn) 
III Bare Soil (Northern) 
~ Bare Soil (Southern) 
_ Green Vegetation (Northern) 
E:;:;:!J Green Vegetation (Southern) 
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Wave length Band 
0.80 -1.00 
(Reflective IR) 
Figure 3. Spectral variabilitv of basic cover types along a 
North-South flightline. Data from areas about 60 miles 
apart are shown for three wavelength bands. The bars 
~epresent mean spectral response ±lo. Distinct differences 
exist for the water and the vegetation response between the 
two locations sampled. 
48-27 
7, 2 Scale 
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Figure 4 .  The 40-County t e s t  a r e a  showing t h e  g e n e r a l  l o c a t i o n  
o f  t h e  f l i g h t l i n e s  i s  shown i n  4-a. The l e n g t h  o f  t h e  f l i g h t -  
l i n e  segments  and d i s t a n c e s  between segments  i s  shown i n  4 - b .  
Illumination Changes of 40 Ccunty Test Site 
Data Values of Sun Sensor, Channels 3,6,11 July 1,1970 
6 5  F1 43 FI 42 FI 41 FI 40 'Gain Changed ~n 
Tme: 1059 1110 Ill0 1130 c hannnls 11.12,13 
500 10 20  33 4 0  50 60 X) 8 0  9 0  100 
F i g u r e  5. Sun s e n s o r  s i g n a l s  i n  three wavelength  b a n d s ,  a long  
E-\I f l i g h t l i n e .  Time o f  d a t a  c o l l e c t i o n  i s  a l s o  shown, and 
i n d i c a t e s  a g e n e r a l  upward s h i f t  i n  i l l u m i n a t i o n  l e v e l s  from 
wes t  t o  east  a s  the d a t a  were b e i n g  c o l l e c t e d .  A d i s t l n c t  
change i n  ga in  s e t t i n g  i s  i n d i c a t e d  i n  t h e  Channel 11 d a t a  
i n  F.L. 40. These changes were  c o r r e c t e d  i n  t h e  c a l i b r a t i o n  
p r o c e d u r e s .  
Classification Accuracy of Wheat in the 40 




l]]]]IIIl Drift 5,8,10,11,12 
F i g u r e  6 .  C l a s s i f i c a t i o n  accuracv  f o r  wheat  t e s t  f i e l d s  i n  
each  o f  t h e  f l i g h t l i n e  a r e a s .  Onlv F.L. 4 q  was used f o r  
s e l e c t i o n  o f  t r a i n i n g  samples .  The 2-point  c a l i b r a t i o n  
( d r i f t  and sun s e n s o r )  a p p e a r s  t o  g i v e  much more a c c u r a t e  
c l a s s i f i c a t i o n  r e s u l t s  than  d r i f t  c a l i b r a t i o n  o n l y .  
Note t h a t  F.L. 40 (where t h e  t r a i n i n g  samples  were  s e l e c t e d ) ,  














































































































































































































































































Cover Type Classification 
For Test Samples Representing 500 Sq. Mile Area 
40 9 3 . 1  % Classification Accuracy 
96.9 '10 W No. Points not 
Correctly Classified 
a No.  Points 
3 0 Correctly Classified 
Overal I Accuracy = 94.1% 
2 0  
10 
0 
Corn Soybeans Forages Other 
(Water, Soil, 
Trees 1 
F i g u r e  8. C l a s s i f i c a t i o n  r e s u l t s  o f  test sample p o i n t s  f o r  
a l l  f l i g h t l - l n e s  i n  combinat ion.  The h i g h  p e r c e n t a g e  c o r r e c t  
c l a s s i f i c a t i o n  shown, a l o n g  w i t h  t h e  large numbers o f  sample 
p o i n t s ,  i n d i c a t e s  ve ry  good e x t r a p o l a t i o n  from t h e  t r a i n i n g  
f i e l d s  t o  t h e  e n t i r e  area. 
Accuracy of Cover Type Classification for 
Test Samples Representing 500 Sq. Mile Area 
(Numbers Indicate Total Data Points tested in each Class) 
Corn Soybeans Forages Water Soi I Trees 
F i g u r e  9 .  Accuracy o f  c l a s s i f i c a t i o n  o f  t e s t  samples .  
The accuracv  and number of  d a t a  p o i n t s  i n v o l v e d  a r e  
i n d i c a t e d .  The i n d i v i d u a l  c l a s s e s  of  w a t e r ,  s o i l  and 
t r e e s  ( p r e v i o u s l y  combined as "o the r" )  a r e  a l s o  shown. 
ADP Results of Acreage Estimates 
(Actual Area = 322,560 Acres) 
Computer Classification 
Cover Type Acreage Estimate * 
Corn 
Soy beans 
Fornges (Hay, Pasture, Stubble) 123, 020 
Woods 2 5 , 9 4 0  
Urban 81 Other 33, 920 
(Roads, Water, Misc.) 
Total = 3 2 3, 850 Acres 
Percentage of 
Total Area 
*An Estimated 83,072 Acres Were Scanned 
F i g u r e  10 .  Acreage e s t i m a t e s  o f  major  cover  t y p e s  i n  
Tippecanoe Countv,  based  upon computer c l a s s i f i c a t i o n  of  
t h e  v a r i o u s  c o v e r  t y p e s .  The cover  t v p e s  have been combined 
t o  f a c i l i t a t e  compari.son w i t h  p u b l i s h e d  f i g u r e s  o f  ac reage  
e s t i m a t e s  . 
e m u - c  
O a J C o )  Q u  o) C 
2 Cc b +  
E Qi (P 
5 . d U  u 
0 ) U W . C  
V) C r l  0 
IT( a1 a 
.;la m v :  
U l 2 P ) a l  
V) Cr l  
Q) U a J L  
0 m s :  a 
4 r l u u a l  
3o) b g . 0 5  
c o o )  3 r u +  E b 
M o b  a cd 
48- 36 
_ AaaI~ 
Land Use Mapping 
Green Vegetation Features 
c:::J Gross _ Trees - SMtls 
(a) (b) 
(c) 















Figure 12. (a) Black and white reproduction of a color 
infrared photo of subdivision study area. (b) Computer 
printout of classification results showing only areas 
c1assi fied as tree & shrubs or as grass. (c) Printout 
of a:eas classified as man-made and hard ~urface area. 
( d) Percentage of total area classified into the various 
cover types by computer compared to area percentages 
estimated by .~ very fine dot grid and using an aerial 
photo. 
Effect of Scan Line Averaging on Data Noise 
Individual Scan Lines 
















Data Points along Line of Flight 
Figure 13. Effects  of scan l i n e  averaging on data noise.  
Data on top shows data points along the l i n e  of  f l i g h t  for 
a s ing le  column of data, using non-averaged scan l i n e s .  
Bottom data shows averaged scan l i n e s .  The reduction i n  
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Figure 14. Computer printout of thermal data calibrated to 
i ndicate true radiometr ic temperature , and comparing 
individual scan lines and aver aged scan lines of data. 
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No te the more distinct "speckled" pat tern i n t he i ndividual 
scan l ine data, par ticularly in the portion of the Wabash 
River above the point where the Tippecanoe River comes in 
from the left (west). 
Causes of Spectral Variability 
Natura I ,  Geographic Variation 
of the Materials 
Illumination Conditions 
Atmospheric Conditions 
Instrumentation Drift and 
Adjustments 
Data System Imperfections 
Figure 15. Major causes of spectral variability. Satellite 
data from ERTS and SKYLAB should allow some of these factors 
to be minimized (as compared to aircraft data collection 
techniques) thereby allowing a better understanding of the 
natural geographic variations of the vegetation, soils, 
water, and other earth resources materials of concern. 

SECTION 49 
PIEASUREMENTS PROGRAM I N  REFtOTE SENSING 
LeRoy F. S i l v a  and s t a f f  
Labora to ry  f o r  A p p l i c a t i o n s  o f  Remote Sens ing  (LARS) 
Purdue U n i v e r s i t y  
West L a f a y e t t e ,  I n d i a n a  
INTRODUCTION 
The measurements program a t  LARS/Purdue h a s  been  concerned w i t h  
f i v e  b a s i c  r e s e a r c h  a r e a s  d u r i n g  19  71. These a r e a s  a r e  (1)  t h e  i n f l u e n c e  
o f  haze  l a y e r s  upon remotely  s e n s e d  s u r f a c e  p r o p e r t i e s ,  ( 2 )  e l e c t r i c a l  
methods o f  s o i l  m o i s t u r e  measurement,  (3) thennograph ic  s t u d i e s  o f  vege- 
t a t i o n  under  n u t r i t i o n a l  s t r e s s ,  ( 4 )  improved f i e l d  s p e c t r o r a d i o m e  t r y ,  
and (5)  b i o l o g i c a l  spec t ropho tomet ry .  
A l l  o f  t h e s e  p r o j e c t s  have r i s e n  o u t  o f  problems g e n e r a t e d  from t h e  
o v e r a l l  l a b o r a t o r y  m i s s i o n .  The emphasis i n  th-1s p a p e r  i s  on ins t rumen-  
t a t i o n  and t echn iques  ; whereas ,  r e l a t e d  d a t a  and r e s u l t s  on s p e c i f i c  
p r o j e c t s  w i l l  b e  r e p o r t e d  e l sewhere .  Each of  t h e  s u b j e c t  a r e a s  w i l l  b e  
d i s c u s s e d  i n d i v i d u a l l y .  
INFLUENCE OF HAZE LAYERS ON REYOTELY SENSED 
SURFACE PROPERTIES 
During t h e  a n a l y s i s  o f  d a t a  g a t h e r e d  f o r  t h e  1971 Corn B l i g h t  Watch 
Experiment a number o f  unexpected f e a t u r e s  were  obse rved .  One o f  p a r t i -  
c u l a r  i n t e r e s t  was t h e  appearance of b r i g h t  and d a r k  s i d e s  a long  t h e  
f l i g h t l i n e  of  t h e  a i r c r a f t .  An example i s  shown i n  F i g u r e  1, taken a t  
10 :28  a.m. EST on June  30,  1971,  o v e r  s o u t h e r n  I n d i a n a .  The p l a n e  was 
headed s o u t h  ( t o p  o f  f i g u r e )  wFth s u r f a c e  i l l u m i n a t i o n  from t h e  e a s t  
( l e f t )  and ahead o f  t h e  p l a n e .  R e l a t i v e  da rkness  on t h e  l e f t  and b r i g h t -  
- 
* I n  t h i s  p a p e r ,  r e s u l t s  from a  number of s t u d i e s  a r e  s t m a r i z e d ;  
r e s e a r c h e r s  a r e  i d e n t i f i e d  i n  t h e  ack2owledgment s e c t i o n .  
ness  on t h e  r i g h t  i s  ev iden t  i n  t h e  d a t a  as i t  appeared when d isp layed  
i n  d i g i t i z e d  grey l e v g l s .  
A check of  t h e  p i l o t ' s  l o g  revea led  t h a t  v i s i b i l i t y  was e s t ima ted  
t o  be  on ly  6  m i l e s  whi le  hazy condi t ions  were noted  below the  a i r c r a f t .  
The p o s s i b i l i t y  t h a t  t h e  presence of hazy l a y e r s  may have con t r ibu t ed  t o  
t h e  anomalous e f f e c t s  i n  t h e  d a t a  prompted t h e  computation of s c a t t e r i n g  
,<angles f o r  t h i s  f l i g h t .  These a r e  s h m  i n  Figure 2. The s c a t t e r i n g  
' 
angle  v a r i e s  from n e a r  s i d e - s c a t t e r i n g  on t h e  l e f t  ( e a s t )  . s ide  o f  t h e  
f l i g h t l i n e  t o  nea r  back - sca t t e r ing  on t h e  r i g h t  (west) s i d e .  Since t h e  
s c a t t e r i n g  p r o p e r t i e s  of  t h e  a e r o s o l s  which compose haze l a y e r s  gene ra l l y  
undergo marked v a r i a t i o n s  over  t h i s  range of s c a t t e r i n g  angles  (Deir-  
mendjian, 1969) ,  an a t tempt  t o  compute t h e  expected v a r i a t i o n  of  r e f l e c t e d  
i n t e n s i t i e s  ac ros s  t h e  f l i g h t l i n e  was made. I t  was f i r s t  necessary  t o  
a s s ign  p h y s i c a l  parameters  t o  t h e  haze. A s  a  f i r s t  case ,  t h e  s i z e  d i s -  
t r i b u t i o n  of Deirmendjian's haze L (Deirmendjian, 1969) was s e l e c t e d  a s  
be ing  t y p i c a l  o f  a cont inenta l - type  ae roso l  d i s t r i b u t i o n .  H i s  t a b u l a t i o n s  
of t h e  elements  of t h e  s c a t t e r i n g  mat r ix  f o r  a  wa te r  haze  L allowed t h e  
computation of t h e  s c a t t e r i n g  phase func t ion  f o r  t h e  s c a t t e r i n g  angle  
i n t e r v a l  of i n t e r e s t .  This  f u n c t i o n ,  shown i n  F igure  3, f o r  a  wavelength 
of  0.45 micrometers undergoes a  minimum n e a r  120' from which i t  rises t o  
a r e l a t i v e  maximum a t  165' wi th  a secondary minimum between t h i s  p o i n t  
and t h e  maximum va lue  f o r  180' backsca t  ter. 
Combination of t h e  computed s c a t t e r i n g  angles  of  Figure 2 w i th  t he  
phase func t ion  i n  Figure 3 allowed an e s t i m a t e  t o  be  made of t h e  v a r i a t i o n  
i n  r e f l e c t e d  i n t e n s i t y  across  t he  f l i g h t l i n e .  The r e s u l t  f o r  a  wavelength 
o f  0.45 micrometers is  presen ted  i n  F igure  4  a s  t h e  p r e d i c t e d  curve. 
Lowest va lues  occu r  along the  l e f t  ( e a s t )  s i d e  of  t h e  f l i g h t l i n e .  These 
correspond t o  minimum va lues  o f  t h e  s c a t t e r i n g  phase func t ion  n e a r  120'. 
A s  s c a t t e r i n g  angles  i n c r e a s e  moving t o  t he  r i g h t  (west)  i n t e n s i t y  i n -  
c r ea se s  reaching a  peak f o r  165' s c a t t e r i n g  angle .  Beyond t h i s  p o i n t  t h e  
r e f l e c t e d  i n t e n s i t y  decreases  toward t h e  right-hand s i d e  o f  t h e  f l i g h t -  
l i n e .  
I n  o r d e r  t o  o b t a i n  a  measure o f  t h e  agreement between t h e s e  c a l -  
c u l a t i o n s  and t h e  observed i n t e n s i t i e s ,  t h e  l a t t e r  were averaged colunm- 
by-column f o r  t h e  t o t a l  l ength  of t h e  f l i g h t l i n e .  The r e s u l t a n t  v a l u e s ,  
computed f o r  t h e  0.46 - 0.49 s p e c t r a l  i n t e r v a l ,  a r e  shown as t h e  observed 
curve i n  F igure  4. The agreement between t h e  two curves is  e x c e l l e n t  f o r  
t h e  le f t -hand  s i d e  o f  t h e  f l i g h t l i n e ,  b u t  d i f f e r e n c e s  as l a r g e  as 30 per-  
cent  occur  nea r  t h e  right-hand s i d e .  A t  t h e  p re sen t  t ime,  no s a t i s f a c t o r y  
exp lana t ion  exis ts  f o r  t h i s  discrepancy.  
Although t h e  agreement f o r  t h i s  case  between theory and observa t ions  
i s  f a r  from p e r f e c t ,  the  r e s u l t s  a r e  s u f f i c i e n t l y  encouraging t o  warrant  
f u r t h e r  s tudy .  A t  t h e  p re sen t  t ime ,  a  model o f  a tmospheric  a t t e n u a t i o n  
(Elterman, 1970) i s  be ing  adapted f o r  a p p l i c a t i o n  t o  problems of t h i s  
na tu re .  The Elterman model c o n s i s t s  of t a b u l a t i o n s  of a t t e n u a t i o n  coef- 
f i c i e n t s  a t  var ious  wavelengths from 0 . 2 7  t o  4.00 micrometers f o r  s e v e r a l  
a l t i t u d e s  from t h e  s u r f a c e  t o  50 k i lometers .  The a t t e n u a t i o n  c o e f f i c i e n t s  
account f o r  Rayleigh s c a t t e r i n g ,  ozone, and ae roso l  e x t i n c t i o n  i n  t h e  a t -  
mosphere. The manner i n  which t h e  presence of a haze l a y e r  might be  i n -  
cluded i n  such a  s t anda rd  model i s  shown i n  Figure 5. I n  a d d i t i o n  t o  
reducing t h e  r a d i a t i o n  which reaches t h e  s u r f a c e  and is r e f l e c t e d  t o  t he  
a i r c r a f t  , t h e  haze l a y e r  c o n t r i b u t e s  a  component through m u l t i p l e  i n t e r -  
n a l  s c a t t e r i n g .  As a  r e s u l t  of t h e  combination of t h e s e  two f a c t o r s ,  t h e  
s p e c t r a l  n a t u r e  o f  t he  r a d i a t i o n  rece ived  a t  t he  a i r c r a f t  can be  modified. 
It is hoped t h a t  i t  w i l l  even tua l ly  be  p o s s i b l e  t o  r ep re sen t  t he  haze 
l a y e r  by parameters such as an e f f e c t i v e  t r a n s m i s s i v i t y  and r e f l e c t i v i t y .  
I n  t h i s  way i t  w i l l  be  p o s s i b l e  t o  improve t h e  i d e n t i f i c a t i o n  of  s u r f a c e  
p r o p e r t i e s  from m u l t i s p e c t r a l  remote sensed da ta .  
ELECTRICAL FETHODS OF SOIL MOISTURE MEASUREMENT 
Work on the  e l e c t r i c a l  p r o p e r t i e s  of s o i l  ha s  gone on f o r  s e v e r a l  
decades. The e l e c t r i c a l  p r o p e r t i e s  of s o i l s  a r e  o f  i n t e r e s t  f o r  two 
b a s i c  reasons.  
1. Can f i e l d  s o i l  mois ture  measurements be  made 
more e a s i l y  us ing  some e l e c t r i c a l  technique? 
2 .  Is i t  p o s s i b l e  t o  ex tend  t h e  r e s u l t s  of e l e c -  
t r i c a l  measurements t o  remote s ens ing  s o i l  mois ture  
measurement techniques? 
The work of  ~ l a n c h a r d ~  and of ilousch4 concerning the  measurement of  
s o i l  moisture  us ing  microwave techniques has been r epo r t ed  elsewhere i n  
t he se  proceedings.  E a r l i e r ,  Davis -- e t  a15  produced a  s tudy  of t h e  r a d a r  
scattering.characterist ics of  s o i l s  as a  func t ion  of mois ture  conten t .  
Purdue r e sea rche r s  decided t o  s tudy  t h e  v a r i a t i o n  of  s o i l  permit- 
t i v i t y ;  t h a t  is, a  capac i tance  measurement versus  moisture .  This  de- ' 
c i s i o n  was made a f t e r  an ex tens ive  l i t e r a t u r e  s tudy  i n d i c a t e d  t h a t  s o i l  
s a l t  conten t  s t r o n g l y  i n f luenced  r e s u l t s  o f  techniques which depended 
upon conduct iv i ty  measurements. The b a s i c  sample ho lde r  used is  a  co- 
a x i a l  s t r u c t u r e  i n  which l abo ra to ry  prepared s o i l  samples were i n s e r t e d .  
The samples were prepared by mixing a  p a r t i c u l a r  s o i l  type  w i th  i c e  i n  a 
c o l d  room and t h e n  pack ing  t h e  mix ture  i n t o  t h e  s o i l  sample h o l d e r .  The 
sample h o l d e r  i s  h e m t i c a l l y  s e a l e d  s o  t h a t  t h e  m o i s t u r e  c o n t e n t  o f  t h i s  
sys tem remains s t a b l e  a f t e r  t h e  sample h o l d e r  is  loaded .  The sample i s  
a l lowed t o  rise t o  room tempera tu re  a t  which time t h e  c a p a c i t a n c e  (and 
conductance)  o f  t h e  sample h o l d e r  and i t s  c o n t e n t s  is  measured on a 
s t a n d a r d  impedance b r i d g e .  
I n  F i g u r e  6 ,  t h e  c a p a c i t a n c e  o f  a sample h o l d e r  c o n t a i n i n g  a p a r -  
t i c u l a r  s o i l  t y p e  a t  a f i x e d  percen tage  of m o i s t u r e  i s  measured a s  a 
f u n c t i o n  o f  f requency.  I n  p r i n c i p l e  t h e  c a p a c i t a n c e  of t h e  sample s h o u l d  
b e  f requency independent .  But t h e  p resence  o f  s a l t s  i n  t h e  s o i l  sample 
c r e a t e  f r e e  i o n s  which form a p o l a r i z a t i o n  l a y e r  n e a r  t h e  o u t s i d e  s u r f a c e  
o f  t h e  c o a x i a l  sample h o l d e r .  Th i s  produces  an e f f e c t i v e  r e s i s t a n c e  
c a p a c i t a n c e  combinat ion t h a t  appears  i n  a series w i t h  t h e  a c t u a l  capa- 
c i t a n c e  r e s i s t a n c e  combination o f  t h e  s o i l  sample i t s e l f .  The c a p a c i t a n c e  
of t h e  s o i l  sample i s  a c t u a l l y  f requency independen t ;  whereas ,  t h e  capa- 
c i t a n c e  of t h e  p o l a r i z a t i o n  l a y e r  depends upon f requency due t o  i o n  
i n e r t i a  e f f e c t s .  I n  F i g u r e  6 a t h e o r e t i c a l  curve based  on a s imple  two- 
e lement  l u i p  c a p a c i t i v e  model is  a l s o  shown. On t h e  same set of  a x e s ,  
some e x p e r i m e n t a l  d a t a  f o r  a p a r t i c u l a r  s o i l  sample i s  a l s o  p l o t t e d .  The 
d i f f e r e n c e  between t h e  two curves  can b e  e x p l a i n e d  due t o  t h e  s i m p l i c i t y  
of t h e  lumped model. As more e lements  a r e  i n s e r t e d  and t h e  approximat ion 
t o  t h e  a c t u a l  d i s t r i b u t e d  c a p a c i t a n c e  c a s e  i s  approached,  one would e x p e c t  
e x p e r i m e n t a l  and c a l c u l a t e d  r e s u l t s  t o  come c l o s e r  t o g e t h e r .  Such 
modeling a t t e m p t s  a r e  c u r r e n t l y  i n  p r o g r e s s .  
I n  F igure  7a t h e  r e l a t i o n s h i p  between c a p a c i t a n c e  and s o i l  m o i s t u r e  
f o r  a p a r t i c u l a r  s o i l  type i s  p l o t t e d .  Some s c a t t e r  i n  t h e  d a t a  is  
observed .  However, no a t t empt  was made d u r i n g  t h e  p r e p a r a t i o n  o f  t h e s e  
d a t a  t o  c o n t r o l  t h e  compaction and c u r i n g  t ime of t h e  sample.  Curing 
t i m e  i s  d e f i n e d  a s  t h e  p e r i o d  between t h e  t ime t h e  sample i s  loaded  and 
t h e  time t h e  sample is measured. One would expec t  t h a t  i f  t h e s e  two 
paramete rs  were c o n t r o l l e d  t h a t  l e s s  s c a t t e r  i n  t h e  d a t a  would r e s u l t .  
The impor tan t  r e s u l t  t o  be  d e r i v e d  from F i g u r e  7 is  t h a t  a d e f i n i t e  w e l l -  
d e f i n e d  t r e n d  does e x i s t  between s o i l  c a p a c i t a n c e  and s o i l  mois tu re .  
There i s  promise t h a t  a s imple  f i e l d  probe b a s e d  upon t h e  p r i n c i p l e  d i s -  
cussed  h e r e  could  b e  developed t h a t  would s i m p l i f y  s o i l  m o i s t u r e  measure- 
ments. The problem of e x t e n d i n g  t h e s e  r e s u l t s  t o  microwave measurements 
is c o n s i d e r a b l y  more i n v o l v e d  and t h e  q u e s t i o n  of whe ther  a c l o s e d  form 
s o l u t i o n  e x i s t s  t o  t h e  a n a l y t i c a l  problem t h a t  is  invo lved  h a s  y e t  t o  b e  
determined.  
. THEWIOGRAPHIC STUDIES OF NUTRITIONALLY 
STRESSED VEGETATION 
A Barnes  Model T-4 s c a n n i n g  r a d i o m e t e r  h a s  been used t o  s t u d y  c o r n  
p l a n t s  and l e a v e s  under s e v e r a l  c o n d i t i o n s  o f  n u t r i t i o n a l  s t r e s s .  Corn 
p l a n t s  grown i n  a  hydropon ic  g reen  house  exper iment  w i t h  c o n t r o l l e d  
n u t r i t i o n a l  d e f i c i e n c i e s  were  examined i n  a  v a r i e t y  o f  envtronments  t o  
a s c e r t a i n  l e a f - t h e r m a l  v a r i a t i o n .  The thermogram of  a  s u l f u r  d e f i c i e n t  
co rn  p l a n t  i s  shown i n  F i g u r e  8. T5e s u l f u r  d e f i c i e n t  co rn  p l a n t  i s  i n  
t h e  l e f t - h a n d  p o r t i o n  o f  t h e  f i g u r e ,  whereas a  c o n t r o l  h e a l t h y  corn  p l a n t  
i s  i n  t h e  r igh t -hand  p o r t i o n  o f  t h e  f i g u r e .  The o b j e c t  i n  t h e  middle  of  
t h e  s l i d e  is  a blackbody r e f e r e n c e .  The ambient t e m p e r a t u r e  o f  t h i s  
exper iment  was 24" C. However, t h e  s u r f a c e  l o c a t e d  immediate ly  b e h i n d  
b o t h  p l a n t s  was a t  a t e m p e r a t u r e  o f  16.5"C. The n u t r i t i o n a l l v  s t r e s s e d  
p l a n t  was approx imate ly  1 ° c  -- c o o l e r  t h a n  t h e  c o n t r o l  p l a n t .  T h i s  f a c t  
would have been d i f f i c u l t  t o  a s c e r t a i n  w i t h  a  c o n v e n t i o n a l  r a d i o m e t e r  
because  o f  t h e  t h e r m a l - s p a t i a l  v a r i a t i o n s  on t h e  n u t r i t i o n a l l y  s t r e s s e d  
p l a n t .  Because o f  t h e  f o u r t h  power v a r i a t i o n  o f  r a d i a t i o n  w i t h  r e s p e c t  
t o  t e m p e r a t u r e  t h e  warmer p o r t i o n s  o f  t h e  n u t r i t i o n a l l y  s t r e s s e d  p l a n t  
dominate t h e  r a d i a t i o n  o f  t h e  whole p l a n t  and t e n d  t o  o b s c u r e  t h e  a c t u a l  
the rmal  c o n d i t i o n  o f  t h e  p l a n t .  The use o f  t h e  s c a n n i n g  r a d i o m e t e r  
e n a b l e s  one  t o  f i n e l y  d e l i n e a t e  t h e  t e m p e r a t u r e  p r o f i l e  o f  a  p l a n t  when 
compared t o  a  h e a l t h y  c o n t r o l l e d  p l a n t .  One o b s e r v e s  t h a t  t h e  c o n t r o l  
p l a n t  e x h i b i t s  a  r e l a t i v e l y  uniform t h e r m a l - s p a t i a l  v a r i a t i o n .  I n  
F i g u r e  9 a  similar exper iment  i n v o l v i n g  a  n i t r o g e n  d e f i c i e n t  p l a n t  i s  
shown. The n i t r o g e n  d e f i c i e n t  p l a n t  e x h i b i t s  approx imate ly  a 2°C c o o l e r  
t e m p e r a t u r e  a g a i n  w i t h  a  16.5"C background r e f e r e n c e  s u r f a c e  and a  2 3°C 
ambient t empera tu re .  I n  b o t h  F i g u r e s  8 and 9 t h e  s c a n  t ime t o  deve lop  
t h e  thermogram was s i x  minu tes .  
I n  F i g u r e  1 0  a  thermogram o f  c o n t r o l  and n u t r i t i o n a l l y  s t r e s s e d  
corn  l e a v e s  i s  shown. From l e f t  t o  r i g h t  t h e  l e a v e s  are: c o n t r o l ,  
t h r e e  s u l f u r  d e f i c i e n t  l e a v e s ,  a c o n t r o l  l e a f ,  t h r e e  n i t r o g e n  d e f i c i e n t  
l e a v e s ,  and a n o t h e r  c o n t r o l  l e a f .  The s c a n  t ime  used t o  deve lop  t h e  
thermogram was 4 1 / 2  seconds .  A s t y r o f o a m  s u r f a c e  was used a s  t h e  back- 
ground f o r  t h e  corn  l e a v e s .  A warm s u r f a c e  o f  approx imate ly  35OC ( a  
h e a t i n g  anemos ta t )  was l o c a t e d  n e a r  t h e  exper iment .  The ambient temper- 
a t u r e  w a s  approx imate ly  23°C. The s u l f u r  d e f i c i e n t  l e a v e s  a r e  approx i -  
mate ly  1°C warmer; whereas ,  t h e  n i t r o g e n  d e f i c i e n t  l e a v e s  a r e  approx i -  
mate ly  2 ° C  warmer than  t h e  c o n t r o l  l e a v e s .  
The p r e l i m i n a r y  c o n c l u s i o n  is  t h a t  n u t r i t i o n a l l y  s t r e s s e d  p l a n t s  
a r e  n o t  always h o t t e r  t h a n  a  c o n t r o l  p l a n t ,  b u t  a p p a r e n t l y  a r e  i n f l u e n c e d  
more s t r o n g l y  by environment .  I t  i s ,  t h e r e f o r e ,  p o s s i b l e  f o r  n u t r i -  
t i o n a l l y  s t r e s s e d  p l a n t s  t o  b e  c o o l e r  than  h e a l t h y  p l a n t s  i n  a  s i m i l a r  
environment  i f  a  c o l d  s u r f a c e  i s  l o c a t e d  nea rby .  I t  a p p e a r s  from t h i s  
exper iment  t h a t  n u t r i t i o n a l l y  s t r e s s e d  p l a n t s  a r e  n o t  a s  w e l l  a b l e  t o  
c o n t r o l  t h e i r  t e m p e r a t u r e  a s  a  h e a l t h y  p l a n t  i n  t h e  same env i ronmenta l  
s i t u a t i o n .  C o n t r o l l e d  f i e l d  exper iments  a r e  b e i n g  des igned  t o  s e e  i f  - 
t h i s  e f f e c t  can be  obse rved  i n  a  n a t u r a l  environment.  
AT IMPROVED FIELD SPECTRORADIOMETER 
P r c v i o u s l y 6  i t  h a s  been shown t h a t  i t  is  e s s e n t i a l  t o  have  r a p i d  
s p e c t r a l  s c a n  c a p a b i l i t i e s  i n  f i e l d  s p e c t r o r a d i o m e t r i c  measurement s i t u -  
a t i o n s .  For  example,  i n  F i g u r e s  11 and 12  d a t a  t aken  w i t h  an SC-4 P e r k i n  
Elmer S p e c t r o r a d i o m e t e r  is shown. I n  F i g u r e  6 i t  i s  s e e n  t h a t  d u r i n g  t h e  
s p e c t r a l  s c a n  p e r i o d  s o l a r  c o n d i t i o n s  changed which compromised t h e  d a t a  
t h a t  were b e i n g  obse rved .  To f u r t h e r  i l l u s t r a t e  t h e  prohlems o f  s p e c t r a l  
s c a n  t ime ,  t h e  same s p e c t r o m e t e r  was s e t  a t  a p a r t i c u l a r  wavelength  and 
p o i n t e d  a t  a c o r n  p l a n t .  The s p e c t r o m e t e r  was l o c a t e d  i n  an a e r i a l  l i f t  
sys tem.  The wobbles i n  t h e  d a t a  t aken  a t  t h e  f i x e d  wavelength  a r e  n o t  
due t o  d e t e c t o r  n o i s e  b u t  a r e  due t o  t h e  wind d i s t u r b i n g  t h e  geometry o f  
t h e  corn  p l a n t .  These e f f e c t s  a r e  i n  a d d i t i o n  t o  t h e  appearance and d i s -  
appearance of t h e  sun  due t o  c loud  cover .  T h e r e f o r e ,  t h e  requ i rement  
t h a t  r e l a t i v e l y  r a p i d  s p e c t r a l  s c a n s  b e  a v a i l a b l e  i n  f i e l d  s p e c t r o r a d i o -  
me te r s  was made e v i d e n t .  
A f i e l d  s p e c t r o r a d i o m e t e r  b u i l t  t o  s p e c i f i c a t i o n s  developed by t h e  
USDA f a c i l i t y  a t  Weslaco,  Texas ,  S t a n f o r d  U n i v e r s i t y ,  and Purdue Univer- 
s i t y  was b u i l t  by Exotech,  Inc .  o f  G a i t h e r s b u r g ,  Maryland. Th i s  i n s t r u -  
ment,  d e s i g n a t e d  t h e  Model 20B, h a s  been  d e s c r i b e d  i n  d e t a i l  a t  t h e  
Michigan Symposium o f  1971. ' I n  summary, t h e  i n s t r u m e n t  f e a t u r e d  r e f r a c -  
t i v e  f o r e - o p t i c s  and covered  t h e  wavelength  range from .4 t o  .5pm and 
2 . 8  t o  1 5 ~ r n .  Four d e t e c t o r s  w i t h  Joule-Thompson c o o l i n g ,  c i r c u l a r  v a r i -  
a b l e  f i l t e r  wheel  spec t rum s c a n n i n g ,  1 t o  30 second a d j u s t a b l e  s p e c t r a l  
s c a n s  and a d j u s t a b l e  f i e l d  o f  view from 314 t o  15" were f e a t u r e s  o f  t h i s  
i n s t r u m e n t .  F i g u r e  1 3  shows t h i s  i n s t r u m e n t  under  f i e l d  t r i a l .  
Based upon f i e l d  e x p e r i e n c e  w i t h  t h i s  i n s t r u m e n t ,  a n o t h e r  i n s t r u -  
ment, d e s i g n a t e d  t h e  Model 20C, has been s p e c i f i e d  and b u i l t  by Exotech,  
I n c .  f o r  LARS/Purdue. T h i s  i n s t r u m e n t  f e a t u r e s  a  r e f l e c t i v e  f o r e - o p t i c  
s y s t e m  (Newtonian t e l e s c o p e s )  , a f i e l d  c a l i b r a t i o n  sys tem,  and an i n -  
l i n e  s i g h t i n g  sys tem.  I n  a d d i t i o n ,  s e v e r a l  e l e c t r o n i c  improvements and 
an e l e c t r i c a l  view a n g l e  ad jus tment  f e a t u r e  have  been i n c l u d e d .  
A g e n e r a l  view o f  t h e  s h o r t  wavelength  head (.4pm t o  2 .5~rn)  a l o n g  
w i t h  i t s  c o n t r o l  conso le  i s  shown i n  F i g u r e  14 .  The c o n t r o l  conso le  is  
normal ly  l o c a t e d  i n  an i n s t r u m e n t  van and t h e  o p e r a t o r  can c o n t r o l  s c a n  
s p e e d ,  d e t e c t o r  g a i n ,  f i e l d  of view, and t h e  v iewing p o r t  i n s i d e  t h e  
i n s t r u m e n t  van: t h e  look a n g l e  and focus  are c o n t r o l l e d  by an o p e r a t o r  
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l o c a t e d  a t  t h e  instrument  head. A close-up of  t h e  ins t rument  head is  
shown i n  F igure  15. The v e r t i c a l  tube con ta in s  a ceramic p l a t e  t h a t  
approximates a Lambertian r e c e i v e r  s o  t h a t  t h e  s o l a r  i r r a d i a n c e  can be  
s p e c t r a l l y  monitored almost s imul taneous ly  wi th  t he  t a r g e t  rad iance .  The 
d e t e c t o r s  are s e n s i t i v e  t o  e i t h e r  t h e  s o l a r  i r r a d i a n c e  o r  t h e  t a r g e t  
rad iance ,  depending upon a p o s i t i o n  o f  a m i r r o r  w i t h i n  t h e  ins t rument  
t h a t  i s  c o n t r o l l e d  by t h e  ope ra to r .  The view angle  adjustment of  t h e  
instrument  is shown i n  Figure 1 6 ,  whereas t h e  f e a t u r e s  of t h e  Newtonian 
te lescope  f o r e - o p t i c a l  system a r e  i l l u s t r a t e d  i n  Figure 17. 
The i n t e r n a l  s t r u c t u r e  of t h e  chopper module is  shown i n  F igure  18. 
The chopper wheel ,  v i s i b l e  i n  t h e  middle o f  t h e  chopper module, i s  
arranged s o  t h a t  each of  t h e  two d e t e c t o r s  i n  t h e  ins t rument  head a r e  
a l t e r n a t e l y  exposed t o  t h e  incoming r a d i a t i o n  and a blackbody r e f e r ence  
l o c a t e d  w i t h i n  t h e  i n s  trurnent . The c i r c u l a r  v a r i a b l e  f i l t e r  wheels a r e  
joined t o g e t h e r  by a t iming b e l t  and a r e  l o c a t e d  between t h e  d e t e c t o r s  
and a s e t  of r e l a y  o p t i c s  which focus t he  impinging r a d i a t i o n  on t h e  
app rop r i a t e  d e t e c t o r .  The low no i se  p re -ampl i f i e r s  a r e  l o c a t e d  i n  c l o s e  
proximity t o  t h e  d e t e c t o r s  and a c a r e f u l l y  designed grounding system i s  
used t o  minimize n o i s e  pick-up. Hal l -Ef fec t  motors a r e  used t o  avoid 
brush a r c i n g  e f f e c t s .  The Joule-Thompson cool ing  assembly is i l l u s t r a t e d  
i n  Figure 19. Joule-Thompson coo le r s  a r e  used i n  p re fe r ence  t o  con- 
ven t iona l  l i q u i d  n i t r o g e n  cooled dewars s o  as  t o  permit  a wide range of  
ins t rument  head ope ra t i ng  angles .  Some t y p i c a l  d a t a  t h a t  h a s  been re- 
p o r t e d  elsewhere6 is  shown i n  F igure  20. 
The d a t a  from t h e  ins t rument  is recorded on a seven-channel analog 
t ape  r eco rde r  which is  then subsequent ly  d i g i t i z e d  i n  t h e  l a b o r a t o r y ' s  
analog t o  d i g i t a l  conversion system. A sof tware  system has been de- 
veloped which enab le s  t h e  u s e r  t o  p re sen t  t h e  da t a  i n  c a l i b r a t e d  form i n  
a v a r i e t y  of formats .  
A BIOLOGICAL SPECTROPHOTOMETER 
A new spectrophotometer ,  shown i n  F igure  21, designed exp re s s ly  t o  
o b t a i n  d a t a  on i n t a c t  b i o l o g i c a l  samples,  has  been r e c e n t l y  developed. 
The r a d i a t i o n ,  which i n t e r a c t s  wi th  t h e  specimen and is  subsequent ly  
measured, is  in f luenced  by t h e  abso rp t ion ,  d i s t r i b u t i o n  of t h e  absorbing 
subs t ances ,  l i g h t  s c a t t e r i n g ,  and geometry o f  t he  specimen. I n  o r d e r  t o  
quan t i fy  t h e s e  f a c t o r s ,  t h e  primary design c r i t e r i o n  was t o  develop a 
monochromator having h igh  power ou tput  c o n s i s t a n t  wi th  good q u a l i t y  
s p e c t r a .  High i n c i d e n t  power c o n t r i b u t e s  t o  improved s p a t i a l  r e s o l u t i o n  
and geomet r ica l  measurements of t h e  r a d i a t i o n  r e f l e c t e d  o r  t r ansmi t t ed  
by t h e  specimen a s  w e l l  a s  pe rmi t t i ng  g r e a t e r  freedom i n  t h e  s e l e c t i o n  
of  t he  d e t e c t o r s .  
The i n s t r u m e n t  s o u r c e  is  a  q u a r t z  i o d i n e  lamp. The lamp f i l a m e n t  
is a t  t h e  f o c a l  p o i n t  of  t h e  f i r s t  o r  c o l l i m a t i n g  m i r r o r  and r e p l a c e s  
t h e  e n t r a n c e  s l i t  o f  a  c o n v e n t i o n a l  monochromator d e s i g n  a s  shown i n  
F i g u r e  22. The lamp i s  w a t e r  coo led  and b a f f l e d  i n  such  a  way t h a t  t h e  
l i g h t  t h a t  e n t e r s  t h e  monochromator is  r e s t r i c t e d  t o  t h a t  which is  
a c t u a l l y  used by t h e  o p t i c s  o f  t h e  sys tem.  
The pr imary d i s p e r s i o n  e lement  i s  a  5" x 6" d e f r a c t i o n  g r a d i n g  
b l a z e d  a t  600 nm. A l i n e a r  va r i ab le -wave leng th  f i l t e r  f o r  o r d e r  s o r t i n g  
and r e d u c i n g  s t r a y  l i g h t  i s  l o c a t e d  a t  t h e  e x i t  s l i t ,  and t h e  movement 
o f  t h e  f i l t e r  i s  s y n c h r o n i z e d  wi th  t h e  g r a d i n g  r o t a t i o n .  A r e f e r e n c e  
c e l l  i s  used t o  moni to r  t h e  o u t p u t  o f  t h e  monochromator. 
Assemblies f o r  measur ing b i - d i r e c t i o n a l  r e f l e c t a n c e  and l a r g e  a r e a  
r e f l e c t a n c e  a r e  shown i n  F i g u r e s  2 3  and 24 .  T y p i c a l  d a t a  o b t a i n e d  from 
t h e  b i - d i r e c t i o n a l  r e f l e c t a n c e  is shown i n  F i g u r e  25 f o l l o w i n g  p rocedures  
o u t l i n e d  by Breece  and Holmes. 8 
The DC measurement s y s t e m  i s  a v a i l a b l e  where t h e  o u t p u t  o f  t h e  
d e t e c t o r  i s  f e d  d i r e c t l y  t o  an o p e r a t i o n a l  a m p l i f i e r .  E i t h e r  l i n e a r  o r  
l o g a r i t h m i c  o u t p u t  can b e  used.  Th i s  sys tem i s  very e a s y  t o  o p e r a t e  and 
p r o v i d e s  a means of  r a d i a t i o n  measurement f o r  anv s o u r c e  such as Elour-  
e s c e n c e  where l i g h t  chopping cannot  b e  accomplished e a s i l y .  The chopped 
l i g h t  s y s  tern is  a l s o  i n c o r p o r a t e d  i n  t h e  i n s t r u m e n t  i n  c o n j u n c t i o n  w i t h  
a  commercial l o c k - i n  a m p l i f i e r  and p r o v i d e s  a  l o v e r  n o i s e  e q u i v a l e n t  
power than  t h e  DC sys tem.  
Data a r e  r e c o r d e d  on an XY r e c o r d e r  o r  may b e  r e c o r d e d  i n  d i g i t a l  
form o r  s u b s e q u e n t  d i g i t a l  p r o c e s s i n g .  For normal u s e  t h e  d a t a  r e q u i r e s  
c o r r e c t i o n s  f o r  s p e c t r a l  r e sponse  and wave leng th .  And t h e  sys tem i s  s e t  
up s o  t h a t  t h e s e  c o r r e c t i o n s  a r e  s u b s e q u e n t l y  made bv a computer. 
The performance summary o f  t h e  s y s t e m  f o l l o w s .  
monochromator o u t p u t  power: (1090 w a t t  lamp) , 700nm, watts 
band p a s s  : l0nm 
wavelength  range:  350 t o  1200nn 
s c a n n i n g  s p e e d  : .03nm/sec t o  30nmlsec 
d e t e c t o r  n o i s e  e q u i v a l e n t  power: 530nm 
p h o t o m u l t i p l i e r :  10-I w a t t s  
r ecord ing-ana log ,  XY r e c o r d e r :  8 1 / 2 "  x 11" 
d i g i t a l  p a p e r  t a p e ,  d i r e c t  computer i n t e r f  a c e ,  r e c o r d  i n t e r v a l  lOnm 
The t r a n s m i t t a n c e  assembly capab le  of measur ing t h e  t r a n s m i t t a n c e  
o f  f i x e d  specimens  i s  a l s o  i n c l u d e d  i n  t h e  b a s i c  i n s t r u m e n t  s t r u c t u r e .  
T r a n s m i t t a n c e  s p e c t r a  of specimens  a s  t h i c k  a s  a g r a p e f r u i t  can b e  e a s i l y  
o b t a i n e d  on t h i s  i n s t r u m e n t .  A l a r g e  r e f l e c t a n c e  assembly was des igned  
t o  p rov ide  a  means f o r  o b t a i n i n g  an a r e a  i n t e g r a t e d  r e f l e c t a n c e  measure- 
ment. D e t e c t o r  g e o m e t v  can b e  modi f i ed  t o  s u i t  t h e  e x p e r i m e n t a l  r e -  
qu i rements .  The b i - d i r e c t i o n a l  assembly was used t o  o b t a i n  r e f l e c t a n c e  
d a t a  a s  a f u n c t i o n  o f  a n g l e  o f  i n c i d e n c e  and a n g l e  o f  d e t e c t i o n .  The 
c o o r d i n a t i o n  o f  t h i s  i n s t r u m e n t  w i t h  t h e  f i e l d  s p e c t r o r a d i o m e t e r  des-  
c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n  e n a b l e s  t h e  r e s e a r c h e r  t o  deve lop  a  com- 
p l e t e  l a b o r a t o r y - f i e l d  e x p e r i m e n t a l  d e s i g n  on many n a t u r a l  sys tems .  
The work d e s c r i b e d  i n  t h i s  r e p o r t  r e p r e s e n t s  t h e  work o f  many 
i n v e s t i g a t o r s .  They a r e  a s  f o l l o w s :  
1. I n f l u e n c e  o f  Haze Layers  on P ~ m o t e l v  Sensed S u r f a c e  P r o p e r t i e s  
P r o f .  Gerald  J u r i c a ,  Mr. William Murrav 
2. E l e c t r i c a l  Yethods o f  S o i l  V o i s t u r e  Neasurement 
P r o f .  Floyd V. S c h u l t z ,  Mr. James Zalusky 
3 .  Thermographic S t u d i e s  o f  V e g e t a t i o n  Under N u t r i t i o n a l  S t r e s s  
D r .  Hasan Al-Abbas, P r o f .  LeRoy F. S i l v a ,  M r .  F r e d e r i c k  L. 
P h i l l i p s  
4 .  Improved F i e l d  S p e c t r o r a d i o m e t r y  
Mr. B a r r e t t  Bobinson,  Yr. Robert  Hase lby ,  P r o f .  LeRoy F. S i l v a  
5. B i o l o g i c a l  Spect ropho tome t r y  
D r .  Gera ld  B i r t h  
The work d e s c r i b e d  i n  t h i s  v a p e r  was s u p p o r t e d  by NASA under  
c o n t r a c t  #15-005-112. 
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Figure 1. Data in 0.46-0 .49 micrometers channel taken from 
June 30, 1971, flight over Pike Countv, Indiana (Segment 225) 
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Figure 2 .  S c a t t e r i n g  ang les  computed for  June 30,  1971,  
f l i g h t  over  Segment 225 .  
Scattering Angle (Degrees) 
Figure  3 .  S c a t t e r i n g  phase  f u n c t i o n  a t  0 .45 micrometers a s  a 
f u n c t i o n  o f  s c a t t e r i n g  a n g l e  f o r  a  c o n t i n e n t a l  haze  l a y e r  
( a f t e r  Deirmendj i a n ,  1969).  
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F i g u r e  4 .  Comparison between p r e d i c t e d  r e f l e c t e d  i n t e n s i t y  a t  
0.45  micromete r s  and o b s e r v e d  v a l u e s  for 0.46-0.49 micromete r s  
averaged f o r  t h e  length o f  the June 30, 1971 ,  f l i g h t  o v e r  
Segment 225.  
















Frequency in KHz 
Figure 6 .  Capacitance of  a coaxial  sample holder loaded with 
Crider clay (42 .8% moisture) as a function of  frequency. 
Empty holder capacitance assumed t o  be 61)pF. 
5 3 m 
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% Moisture of  Sample 
Figure 7 .  Capacitance of  a coaxial  sample ho3 der loaded w i t h  
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3.0 3.2 3.4 3.6 
WAVELENGTH, MICRONS 
F i g u r e  11. S p e c t r a l  d a t a  t a k e n  ~ a i t ! ~  a Pe rk in -E lmer  
SG-4 s ~ e c t  ro rad iome  t e r  on a v a r i e t y  o f  c o v e r  t y p e s .  
The r e l a t i v e l y  l o n g  s p e c t r a l  s c a n  t ime  of t h e  i n s t r u -  
ment p e r m i t s  e n v i r o n m e n t a l  changes  to compromise the 
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Figure 20.  S o i l  spectra l  ref lectance  f i e l d ,  data 
obtained on the  Model 20B spectroradiometer. The 


























































Figure 22. A schematic diagram of the biological 
spectrophotometer monochromator assembly. 
Figure 23. The bi-direction reflectance attach- 
ment for the spectrophotometer. 
F i g u r e  2 4 .  The l a r g e  a r e a  r e f l e c t a n c e  a t t achment  
f o r  t h e  s p e c t r o p h o t o m e t e r .  
F i g u r e  25. T v p i c a l  b i - d i r e c t i o n a l  r e f l e c t a n c e  
d a t a  f o r  n a t u r a l  specimens .  

SECTION 50 
DATA PRrICESSING I : I~DVIINCE~IGIU'S I1J :LAC!IIYJE 
P h i l i p  H. Swain and S t a f f  
L a b o r a t o r y  f o r  ! l p p l i c n t i o n s  o f  Remote S e n s i n g  
Pu rdue  U n i v e r s i t y  
:Jest L a f a y e t t e ,  I n d i a n a  
R e s e a r c h  i n  m u l t i s p e c t r a l  d a t a  p r o c e s s i n g  a t  LARS/Purdue i s  d i r e c t e d  
a t  s u p p o r t i n g  a s u b s t a n t i a l  l e v e l  o f  a p p l i c a t i o n s  r e s e a r c h  as w e l l  as 
a d v a n c i n g  t h e  t e c h n o l o g y  o f  r e m o t e  s e n s i n g  d a t a  p r o c e s s i n g .  Dur ing  t h e  
p a s t  y e a r  s i g n i f i c a n t  p r o g r e s s  h a s  been  made i n  b o t h  r e s p e c t s .  Almost t h e  
s n t i r e  m u l t i s p e c t r s l  d a t a  a n a l y s i s  p r o c e s s ,  f rom d a t a  e d i t i n g  t o  r e s u l t s  
z v a l u a t i o n ,  tias b s e n  i m p a c t e d ,  and  t h e  new l e v e l  o f  t e c h n o l o g y  has been  
v i g o r o u s l y  t e s t e d  by t h e  d a t a  a n a l y s i s  o p e r a t i o n s  a s s o c i a t e d  w i t h  t h e  
1 9 7 1  Corn 3 l i g h t  Watcfi ~ x ~ e r i l ; l e n t . l  
'The f o l l o w i n g  d i s c u s s i o n  o f  t h e s e  advancements  i s  o r g a n i z e d  t o  
f o l l o w  g e n e r a l l y  t h e  s t e p s  u t i l i z e d  i n  t h e  m u l t i s p e c t r a l  d a t a  a n a l y s ~ i s  
p r o c e d u r e .  I n  t e r m s  o f  F i g u r e  1, we b e g i n  w i t h  t h e  d a t a  d i s p l a y  p r o c e s s  
used  t o  a c c o n p l i s h  d a t a  e d i t i n g  and p r o c e e d  c l o c k w i s e  t h r o u g h  c l u s t e r i n g ,  
s t a t i s t i c s  c o m p u t a t i o n ,  e t c .  In  t h e  i n t e r e s t  o f  b r e v i t y ,  e a c h  r e s u l t  
w i l l  be t r e a t e d  h e r e  i n  a  g e n e r a l  way and  r e f e r e n c e s  g i v e n  t o  a v a i l a b l e  
s o u r c e s  w l ~ c r e  a n o r e  d e t a i l e d  t r e a t m e n t  may be  f o u n d .  
The  s p e c i a l - p u r p o s e  d i g i t a l  d i s p l a y .  s y s t e m  d e l i v e r e d  t o  T,tWS/Purdue 
l a t e  i n  1373  [l] r e p r e s e n t s  s t remendous  p o t e n t i a l  f o r  f a c i l i t a t i n g  t h e  
man /da t a  i n t e r f a c e .  J u r i n g  1 9 7 1  t h e  f i r s t  s o f t w a r e  f o r  u t i l i z i n g  t h i s  
s y s t e m  became o p e r a t i o n a l  and  was made a v a i l a b l e  t o  LAJSYS u s e r s  [ 2 ] .  
iqi th t h i s  s o f t w a r e ,  t h e  u s e r  c a n  d i s p l a y  a  t e l e v i s i o n - q u a l i t y  image o f  
d i p , i t i z e d  l n u l t i s p e c t r a l  d a t a  a n d ,  by means o f  a l i g h t  pen and  k e y b o a r d ,  
a c c u r a t e l y  s p e c i f y  a r e a s  i n  t i l e  d a t a  t o  r e c e i v e  s p e c i a l  a t t e n t i o n  
------- -- 
' ~ h e  ,1971 Corn B l i g h t  : Ja tch  Exper iment  i s  d e s c r i b e d  e l s e w h e r e  i n  t h e s e  
p r o c e e d i n g s .  
(Figure 2). Two advantages of this mode of man/data interface over the 
familiar gray-scale line-printer output (Figure 3) are the higher quality 
of the image available to the researcher and the ease and accuracy with 
which features in the data can be located and designated to the computer 
by means of the light pen. These features greatly improve both the 
speed and accuracy with which the data analysis can be executed. 
Data editing represents only one of many potential uses of the 
digital display hardware. Examples of other ap~lications to be studied 
include on-line display and evaluation of analysis results and 
implementation of a highly interactive data analysis capability. 
h e  feels compelled to note at this point, however, that line-printer 
output still represents a proven and acceptable means for displaying both 
data and analysis results. But as technological advances bring down 
the cost of video-type displays and step up the speed of digital data 
transmission, digital display systems suitable for image data -- now 
available only on a limited basis as research tools -- will become 
increasingly attractive as a standard neans of interfacing man with such 
data. 
CLUSTER - ANALYSIS 
Plultispectral cluster analysis (sometimes referred to in the literature 
as unsupervised classification) has been under study for some years as a 
means for data compression and similarity analysis. A clustering technique 
has been developed at LARS/Purdue, for use in conjunction with supervised 
classification,' as an aid in class definition and training sample selection. 
A computer program C31 prints point-by-yoi9t maps of the clustering 
results (Figure 4), indicating the relative homogeneity of the analyzed 
areas; this information assists in the process of selecting training 
samples for characterizing the different spectral classes in the data. 
Also provided is a quantitative analysis of the separability of the 
clusters in the multivariate measurement ("feature") space. 
The clustering technique described above processss data poiats in 
the measurement space.. Another promising approach, currently under 
investigation and discussed further in a later section of this paper, 
is the clustering of sample statistics in parameter space. 
FEATURE SELECTION 
-- 
A featare selection criterion has been developed [4] which 
eliminates tile considerable level of human interaction with tile 
c o m p u t a t i o n a l  p r o c e s s i n g  h e r e t o f o r e  r e q u i r e d  f o r  t h e  s e l e c t i o n  o f  d a t a  
c h a n n e l s  p r e f e r r e d  f o r  c l a s s i f i c a t i o n .  The b a s i c  problem faced  i n  c o n n e c t i o n  
w i t h  f e a t u r e  s e l e c t i o n  is  f i n d i n g  a  means f o r  e s t i m a t i n g  e r r o r  p robao i -  
l i t i e s  ( o r  p r o b a b i l i t i e s  o f  c o r r e c t  c l a s s i f i c a t i o n )  a c c u r a t e l y  s i n c e  f o r  
m u l t i v a r i a t e  problems i t  i s  g e n e r a l l y  n o t  f e a s i b l e  t o  c a l c u l a t e  t h e s e  
p r o b a b i l i t i e s  d i r e c t l y  even i n  t h e  r e l a t i v e l y  s i m p l e  c a s e  i n  which 
Gauss ian d i s t r i b u t i o n  o f  t h e  d a t a  w i t h i n  c l a s s e s  i s  assumed. The problem 
o f  f i n d i n g  a n  e s t i m a t o r  o f  p r o b a b i l i t y  o f  c o r r e c t  c l a s s i f i c a t i o n  i n  t h e  
m u l t i c l a s s  and m u l t i v a r i a t e  c a s e  i s  unsolved.  What i s  commonly done i n  
p r a c t i c e  i s  t o  e s t i m a t e  t h e  p r o b a b i l i t i e s  a s s o c i a t e d  w i t h  a l l  p a i r s  o f  
c l a s s e s  and t a k e  a n  a v e r a g e  o r  weighted a v e r a g e  o f  t h e  pai r ;? ise  p r o b a b i l i t i e s  
a s  a n  e s t i m a t e - o f  t h e  o v e r a l l  p r o b a b i l i t y  o f  c o r r e c t  c l a s s i f i c a t i o n  C51. 
To do t h i s  e f f e c t i v e l y ,  however, r e q u i r e s  a v a i l a b i l i t y  of a f u n c t i o n ,  based 
on t h e  s t a t i s t i c a l  s e p a r a b i l i t y  o f  p a i r s  of  c l a s s e s ,  which behaves  l i k e  t h e  
p r o b a b i l i t y  o f  c o r r e c t l y  d i s c r i m i n a t i n g  between t h e  c l a s s e s .  
Divergence i s  a  monotonic f u n c t i o n  o f  s t a t i s t i c a l  s e p a r a b i l i t y  of  
two c l a s s e s  which h a s  been used i n  t h i s  manner. However, t h i s  s e p a r a b i l i t y  
measure h a s  t h e  d i s a d v a n t a g e  t h a t  i t  i n c r e a s e s  w i t h o u t  bound as s e p a r a b i l i t y  
i n c r e a s e s ,  whereas  p r o b a b i l i t y  o f  c o r r e c t  c l a s s i f i c a t i o n  s a t u r a t e s  a t  
100 p e r c e n t  ( s e e  F i g u r e  5 ) .  T h i s  d i f f i c u l t y  h a s  been c i rcumvented by 
w r i t i n g  t h e  f e a t u r e  s e l e c t i o n  program t o  a l l o w  t h e  u s e r  t o  s p e c i f y  a  
l i m i t i n g  v a l u e  (:$U) which a r t i f i c i a l l y  s a t u r a t e s  t h e  s e p a r a b i l i t y  measure.  
To do t h i s  p r o p e r l y ,  hovzvcr ,  t h e  u s e r  must l e a r n  t o  judge f o r  a  g iven  
ty?e  of  problem what c o n s t i t u t e s  a n  a p p r o p r i a t e  s a t u r a t i o n  v a l u e .  
I n  a n  e f f o r t  t o  remove t h i s  l a t t e r  shor tcoming ,  a l t e r n a t i v e  s e p a r a b i l i t y  
measures have been i n v e s t i g a t e d .  I n  p a r t i c u l a r ,  a  s e p a r a b i l i t y  measure 
r e f e r r e d  t o  h e r e  a s  Bha t t acharyya  d i s t a n c e ,  o r  B-d i s t ance ,  h a s  been found 
t o  have t h e  s o r t  o f  b e h a v i o r  sough t  and indeed t o  p rov ide  a much more 
r e l i a b l e  f e a t u r e  s e l e c t i o n  c r i t e r i o n  t h a n  d i v e r g e n c e  [ 4 ] .  T h i s  f u r t h e r  
sugges ted  a t r a n s f o r m a t i o n  of  d i v e r g e n c e  which c l o s e l y  approx imates  t h e  
f e a t u r e  s e l e c t i o n  p r o p e r t i e s  of  t h e  B-d i s t ance  b u t  r e q u i r e s  f a r  l e s s  
computat ion.  The t r ans fo rmed  d i v e r g e n c e  h a s  been implemented a t  ~ ~ i t S / P u r d u e  
a s  t n e  s t a n d a r d  f e a t u r e  s e l e c t i o n  c r i t e r i o n .  
P3IXT CLASSIFICATION 
The nex t  s t e p  i n  t h e  p rocedure  f o r  i n u l t i s p e c t r a l  d a t a  a n a l y s i s ,  t h e  
m u l t i v a r i a t e  c l a s s i f i c a t i o n  method, h a s  no t  been a l t e r e d ,  b u t  some newly 
completed r e s e a r c h  has  reconf i rmed  t h e  wisdoa (from a p r a c t i c a l  v iewpoin t )  
o f  s e l e c t i n g  t h e  Gauss ian  maximu:n-likelihood approach f o r  a n a l y s i s  of  r e a l -  
world m u l r i s p e c t r a l  d a t a .  T h i s  approach [ E l  assumes t h a t  t h e  c l a s s - - c o n d i -  
t i o n a l  d i s t r i b u t i o n s  of  t i le  d a t a  i n  311 c l a s s z s  t o  be recogn ized  can  bz 
a d e q u a t e l y  r e p r e s e n t e d  by m u l t i v a r i a t e  Gauss ian d i s t r i b u t i o n s ,  o r ,  i n  any 
c a s e ,  by t h e  union of  a  s m a l l  number of  such  d i s t r i b u t i o n s .  Although 
p a t t e r n  c l a s s i f i e r s  based on t h i s  approach  have been a p p l i e d  s u c c e s s f u l l y  
a t  v a r i o u s  reinote s e n s i n g  f a c i l i t i e s  i n v o l v e d  w i t h  machine a n a l y s i s ,  some 
i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  t h i s  c h o i c e  o f  approach have remained 
open: How much improvement i n  c l a s s i f i c a t i o n  a c c u r a c y  c o u l d  b e  o b t a i n e d  
by u s i n g  a  nonparamet r i c  c l a s s i f i c a t i o n  method which r e q u i r e s  no a  p r i o r i  
a s sumpt ions  r e g a r d i n g  t h e  d a t a  d i s t r i b u t i o n s ?  How much would c l a s s i f i c a t i o n  
a c c u r a c y  degrade  i f  t h e  c l a s s i f i e r  were o f  t h e  c o m p u t a t i o n a l l y  f a s t e r  and 
s i m p l e r  l i n e a r  v a r i e t y ?  
An e x p e r i m e n t a l  i n v e s t i g a t i o n  y i e l d i n g  a  c o n s i d e r a b l e  volume of 
r e s u l t s  131 h a s  demons t ra t ed  t h a t ,  f o r  a g r i c u l t u r a l  remote  s e n s i n g  d a t a ,  
v e r y  g e n e r a l  n o n p a r a m e t r i c  n o d e l s  c a n  be  e x p e c t e d  t o  produce  o n l y  mar- 
g i n a l l y  b e t t e r  r e s u l t s  t h a n  t h e  Gauss ian  c l a s s i f i e r .  I n  g e n e r a l  t h e  
improvement i s  n o t  s u f f i c i e n t  t o  w a r r a n t  t h e  s u b s t a n t i a l  i n c r e a s e  i n  
c o m p u t a t i o n a l  r e s o u r c e s  r e q u i r e d  ( t i m e ,  machine memory). On t h e  o t h e r  
hand,  a n o t h e r  s t u d y  [ 71  s u g g e s t s  t h a t  t h e  e x t r a  c o s t  o f  t h e  Gauss ian  
c l a s s i f i e r  by compar ison w i t h  l i n e a r  c l a s s i f i e r s  i s  g e n e r a l l y  w e l l  
j u s t i f i e d .  The l i n e a r  c l a s s i f i e r s  i n v e s t i s a t e d  have shown markedly 
p o o r e r  a b i l i t y  t o  g e n e r a l i z e  from t r a i n i n g  f i e l d s  t o  d a t a  n o t  used f o r  
t r a i n i n g  t h e  c l a s s i f i e r .  
SKG'LE CLUSTERING .4;.SD S,UIPLE CLASSIFICATION 
--- --- 
Tile t e r m  " p e r f i e l d  c l a s s i f i c a t i o n "  h a s  been used i n  t h e  l i t e r a t u r e  
t o  r e f e r  t o  t h e  c l a s s i f i c a t i o n  o f  a n  e n t i r e  a g r i c u l t u r a l  f i e l d  based on 
a l l  d a t a  d r m  from t h a t  f i e l d .  T h i s  approach  t a k e s  advan tage  of t h e  
s p a t i a l  c o n t e x t  o f  t h e  d a t a ,  t h e  f a c t  t h a t  l o c a l  r e g i o n s  t e n d  t o  be com- 
posed of rnenbers of t h e  same c l a s s  ( t h e  same " p o p u l a t i o n , "  i n  s t a t i s t i c a l  
t e r m i n o l o g y ) ,  by u s i n g  t h e  combined i n f o r m a t i o n  i n  a  number of  o b s e r v a t i o n s  
t o  i n f e r  t h e  c l a s s i f i c a t i o n  o f  t i le  a g g r e g a t e .  To d i v o r c e  t h i s  c o n c e p t  from 
t h e  a g r i c u l t u r a l  frame o f  r e f e r e n c e ,  "sample c l a s s i f i c a t i o n "  i s  d e f i n e d  
a s  t h e  c l a s s i f i c a t i o n  of any a g g r e g a t e  of  d a t a  p o i n t s  assumed t o  be  from 
t h e  same p o p u l a t i o n .  It i s  o f t e n  t h e  c a s e  t n a t  d e c i s i o n s  c o n c e r n i n g  t h e  
a g g r e g a t e  can  be made f a s t e r  and more r e l i a b l y  t h a n  d e c i s i o n s  c o n c e r n i n g  
t k  d a t a  p o i n t s  t a k e n  i n d i v i d u a 1 l y . l  
As i n t e n s i v e  s t u d y  of  t h i s  approach  [3 ]  has been completed i n  which 
Lo tl;l saiilple c l u s t e r  i n s  and sainple c l a s s i f i c a t i o n  v e r e  i n v e s t i g a t e d .  The 
r e s u l t s  of t h i s  s t u d y  a r e  t o o  e x t e n s i v e ,  b o t h  i n  number and i n  s c o p e ,  t o  
r e c e i v e  adequa t?  t r e a t m e n t  l l e re .  Fo l lowing  a r e  some n i g h l i g h t s .  
.---- 
l ~ h e  g r e a t e s t  b e n e f i t s  i n  t h i s  r e s p e c t  g e n e r a l l y  a c c r u e  when t h e  
a g g r e g a t i o n  i s  ?sr formed b e f o r e  t h e  d e c i s i o n  p r o c e s s  i s  a p p l i e d  (eg .  
by f i n d i a g  a p a r a x e t r i c  c h a r a c t e r i z a t i o n  of t h e  a g g r e g a t e )  r a t h e r  t h a n  
a f c e r  ( e g . ,  p o l l - t a k i n g  a f t e r  c l a s s i f i c a t i o n ) .  
For a g r i c u l t u r a l  r e n o t e  s e n s i n g  d a t a ,  t h e  accuracy  of  sample 
c l a s s i f i c a t i o n  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  whcther  p a r a m e t r i c  o r  
nonparamet r i c  ne thods  a r e  used t o  c s t i a a t e  p r o b a b i l i t y  d i s t r i b u t i o n s .  
11s noted e a r l i e r  i n  t h i s  paper  t h e  p o t e n t i a l  irnprovernent i n  accuracy  
o b t : ~ i n a b l e  u s i n g  nonparamct r i c  metilods i s  t o o  s inal l  t o  j u s t i f y  t h e  
c o n s i i l e r a b l e  i n c r e a s e  i r l  co luputa t ion t ime and complex i ty .  
A l t h o u g l ~  Inany measures of  s t a t i s t i c a l  s e p a r a b i l i t y  a r e  a v a i l a b l e  
f o r  u s e  i n  sample c l a s s i f i c a t i o n ,  t h e  e x p c r i m e n t s l  r e s u l t s  u s i n g  
a g r i c u l t u r a l  d a t a  were r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  c h o i c e  of  s e p a r a -  
b i l i t y  measure used .  Iiowzver, a  s e p a r a b i l i t y  measure known a s  t h e  
J e f f r i e s - ? I a t u s i t a  d i s t a n c e  d o e s  have some t h e o r e t i c a l  as w e l l  a s  p r a c t i c a l  
advsrl tages vort11 e x p l o i  t i n e :  
1. Its b e h a v i o r  a s  a  f u n c t i o n  of  d i ! n e n s i o n a l i t y  r esembles  
t h a t  of p r o b a b i l i t y  of c o r r e c t  c 1 : i s s i f i c a t i o n  ( i n  t h e  
p a r a m e t r i c  c.ase) . 
2 .  I t  i s  a  m e t r i c  o v e r  a l a r g e  s p a c e  oE d i s t r i b u t i o n  f u n c t i o n s .  
3 .  I t  i s  among t h e  s i m p l e s t  s e p a r a b i l i t y  f u n c t i o n s  t o  compute. 
Sample c l u s t e r i n g ,  ach ieved  by f i r s t  computing a  p a r a m e t r i c  
c h a r a c t e r i z a t i o n  of  t h e  samples  and then  a p p l y i n g  c l u s t e r  a n a l y s i s  t o  
t h e  s t a t i s t i c a l  pa ramete r s  ( F i g u r e  6 ) ,  a p p e a r s  t o  o f f e r  s e v e r a l  advan tages  
o v e r  t h e  more c o n v e n t i o n a l  po in t -by-po in t  c l u s t e r i n g .  I n  exper iments  
w i t h  a g r i c u l t u r a l  remote s e n s i n g  d a t a ,  sample c l u s t e r i n g  has s x l ~ i h i t e d  
a d i s t i n c t  tendency t o  produce more a p p r o p r i a t e  c l a s s / s u b c l a s s  s t r u c t u r e s  
l e a d i n g  t o  b e t t e r  c l a s s i f i c a t i o n  accuracy  f o r  bo th  p o i n t  and sample 
c l a s s i f i c a t i o n .  I n  a d d i t i o n ,  a d r a m a t i c  t i n e  s a v i n g  i s  ach ieved  f o r  
c l u s t e r  p r o c e s s i n g  because  o f  t h e  c o n s i d e r a b l e  d e g r e e  of  d a t a  r e d u c t i o n  
accoinplished by r e p r e s e n t i n g  a  l a r g e  number of  d a t a  p o i n t s  by r e l a t i v e l y  
few s t a t i s t i c a l  p a r a m e t e r s .  
STATIST1C"LL 3ES I G : J  AN3 ANALYSIS 
--- 
F i n a l l y ,  t h e  e f f e c t i v e  u t i l i z a t i o n  of  l a r g e  q u a n t i t i e s  of  remote 
s e n s i n g  d a t a  demands t i le  development o f  s t a t i s t i c a l  models which c a n  be 
used f o r  s p e c i f y i n g  d a t a  c o l l e c t i o n  and d a t a  a n a l y s i s  s c h e a e s  and f o r  
e v a l u a t i n g  t h e  r e s u l t s  produced by such schemes. Tile 1971 Corn B l i g h t  
: latch Experiment and forward-lookixlg c o n s i d e r a t i o n s  r e l a t e d  t o  t h e  EXTS 
and S K Y L L ~ B  s a t e l l i t e s  have p a r t i c u l a r l y  h i g h l i g h t e d  t:lis need.  Conven t iona l  
models developed f o r  ground d a t a  c o l l e c t i o n  a l o n e  a r e  s i n p l y  n o t  a d e q u a t e .  
ii r e c e n t  s t u d y  [ 8 ]  h a s  Formulated a  t h r e e - s t a g e  sampl ing model 
f o r  remote s e n s i n g  and used t h e  :nodel t o  e v a l u a t e  t h e  p r e c i s i o n  o f  c r o p  
a c r e a g e  e s t i m a t e s  and t o  determii le  t n e  e f f e c t s  o f  t h e  number o f  f l i g h t -  
l i n e s ,  number of  segments w i t h i n  f l i g h t l i n e s ,  and t h e  subsampl ing d e n s i t y  
> l i t h i n  segments on t h e  p r e c i s i o n  o f  t h e s e  e s t i m a t e s .  Idhile t h i s  work has  
;\as. p e r h a p s  r a i s e d  a s  many i i npo r t an t  q u e s t i o n s  a s  i t  has  answered ,  i t  
r e p r e s e n t s  t i l e  i n i t i a t i o n  o f  a s i g n i f i c a n t  e f f o r t  t o  d e t e r m i n e  s y s t e m a t i c a l l y  
t h e  c o s t - - h e n s f i t  r e l a t i o n s i ~ i p s  associated w i t t i  t h e  r e n o  t e  s e n s i n g  tec;lnoloq,y 
and t o  u t i l i z e  t h e s e  r e l a t i o n s h i p s  b o t h  i n  g u i d i n g  and  e v a l u a t i n g  i t s  
a p p l i c a t i o n .  
The r e s e a r c h  summarized h e r e i n  was s u p p o r t e d  by  NASA unde r  Gran t  
XGL 15-0135-112. G r a t e f u l  a p p r e c i n t i . o n  i s  expressed t o  N A S A  f o r  t h i s  
s u p p o r t .  The v a r i o u s  i n d i v i d u a l  s t u d i e s  were  c a r r i e d  o u t  by LARS s t a f  
inembers G .  S a i l t n e r ,  K. Hunt,  2 r .  1,. E i s q r u b e r ;  g r a d u a t e  s t u d e n t s  
T. S o l > c r t s o n ,  A .  Wacker ,  P .  S c h e f f e r ;  and  t h e  a u t h o r .  
L3X 45137 O i ~ i t a l  Image D i s p l a y  Sys tem,  I B ' I  F e d e r a l  Sys tems D i v i s i o n ,  
---- - 
G a i t h e r s b u r g ,  Maryland,  a c t o b e r  1370 .  
FIEL3SZL: LXKS Llata E d i t i n g  Program, L-US Program A b s t r a c t  No. 255, 
--- --- 
L a b o r a t o r y  f o r  A p p l i c a t i o n s  o f  Xernote S e n s i n g ,  West L a f a y e t t e ,  I n d i a n a .  
47336.  
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Purdue  U n i v e r s i t y ,  L a f a y e t t e ,  I n d i a n a  47905,  i l c t o b e r  1971 .  A l so  
LAiS I n f o r m a t i o n  iu'ote 193771 ,  L a b o r a t o r y  f o r  A p p l i c a t i o n s  o f  Reinote 
S e n s i n g ,  West L a f a y e t t e ,  I n d i a a a  47306,  Oc tobe r  1971.  
S w a i i ~ ,  P .  iI .  , T . V .  90bertsoi1, 11. G.  i Jacker ,  "Compariso:l o f  t h e  3 i v e r g e n c e  
and B - d i s t a n c e  i n  F e a t u r 2  S e l e c t i o n , "  LARS I n f o r m a t i o n  Jete 323871,  
L a b o r a t o r y  f o r  A p p l i c a t i o n s  o f  Aemote S e n s i n g ,  West L a f a y e t t e ,  I n d i a n a  
47936,  F e b r u a r y  1971.  
Fu ,  1:. S . ,  P. J .  d i n ,  "On F ~ a t u r e  S e l e c t i o n  i n  . ' I u l t i c l a s s  P a t t e r n  X e c o g n i t i o n , "  
'Tecnn ica l  Kepor t  :{umber Tii-EE68-17, Schoo l  o f  L i e c t r i c a l  E n g i n e e r i n g ,  
Pu rdue  U n i v e r s i t y ,  L a f a y e t t e ,  I n d i a n a  47306,  J u l y  1368. 
Laildgreve,  3 . 2 i . ,  P .  J .  {in, P.:i. Swain ,  K .  S. Fu ,  " T h r  A p p l i c a t i o n  o f  
P a t t e r n  R e c o g n i t i o n  t o  a Xernote S e n s i n g  Pro'3lem," P r o c e e d i l ~ g s  o f  t h e  
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023972 ,  L a b o r a t o r y  f o r  .? .pplicat ions o f  Remote S e n s i n g ,  k e s t  L a f a y e t t e ,  
I n d i a n a  479136 ( i n  p r e p a r a t i o n ) .  
E i s g r u b e r ,  L. ' l . ,  "T i l e  E f f e c t  o f  S u b ~ a ~ n p l i n g  X a t i o s  o n  P r e c i s i o n  o f  
S s t i m a t e s  f rom iiemoce S e i l s i n ~ , "  LAXS I g f o r n a t i o n  Xote 321372,  L a b o r a t o r y  
f o r  r Z p p l i c a t i o n s  o f  icemote S e n s i n g ,  !Jest  L a f a y z t t e ,  I n d i a n a  47906 





































































































































































































































































































































































































































































































































































































F i g u r e  6 .  P a r a m e t e r  space r e p r e s e n t a t i o n  o f  a sample (one- 
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DATA PROCESSING 11:  ADVANCEMENTS I N  LARGE-SCALE 
DATA PROCESSING SYSTEMS FOR REMOTE SENSING* 
David Landgrebe and S t a f f  
Laboratory f o r  Applicat ions of Remote Sensing (LARS) 
Purdue Univers i ty  
La faye t t e ,  Indiana 
INTRODUCTION 
In  t h e  preceding paper ,  D r .  Swain descr ibed  some of t h e  research  
a c t i v i t i e s  i n  Data Analysis  techniques c a r r i e d  out a t  LARS/Purdue t h i s  
pas t  y e a r .  This paper cont inues by summarizing some r e s u l t s  obtained 
from a d d i t i o n a l  d a t a  process ing  research  t a s k s  now under s tudy  t h e r e .  
Time and space do not  permit d e t a i l s .  F u l l  d e s c r i p t i o n s  of t h e s e  p r o j e c t s  
a r e  r epo r t ed  i n  LARS r e p o r t s  and i n  papers i n  t h e  open l i t e r a t u r e .  
These s t u d i e s  f a l l  i n t o  t h r e e  c a t e g o r i e s :  (1) an examination of 
t h e  s u i t a b i l i t y  of s e v e r a l  sensor  types  wi th  regard t o  producing d a t a  
r equ i r ed  f o r  m u l t i s p e c t r a l  machine a n a l y s i s ;  ( 2 )  var ious  types  of d a t a  
preprocess ing  necessary t o  prepare such d a t a  f o r  a n a l y s i s  i n  t h i s  f a sh ion ;  
and ( 3 )  an experiment i n  how t o  make t h i s  type  of technology a v a i l a b l e  
e f f i c i e n t l y  and inexpens ive ly .  
COMPARISON OF SENSOR TYPES 
There a r e  a  lar-ge number of d i f f e r e n t  types of sensors  capable of 
producing d a t a  a s  input  t o  machine a n a l y s i s  processors .  These sensor  
types tend  t o  f a l l  i n t o  t h r e e  broad c a t e g o r i e s :  scanners ,  photography 
and t e l e v i s i o n .  The l i n e  scanner tends  t o  be p r e f e r r e d  f o r  t h i s  type  
of a n a l y s i s  procedure because it covers g r e a t e r  po r t ions  of t h e  spectrum 
and has g r e a t e r  dynamic range and rad iometr ic  p r e c i s i o n .  However, 
scanners  t end  t o  be expensive,  complex t o  opera te  and r e l a t i v e l y  unavai l -  
ab l e  a t  t h i s  t i m e . '  Photography, on t h e  o the r  hand, i s  r e l a t i v e l y  l e s s  
expensive and i s  widely a v a i l a b l e ;  it i s  a  very  well-developed technology. 
*In t h i s  paper ,  r e s u l t s  from a number of s t u d i e s  a r e  summarized; 
r e sea rche r s  a r e  i d e n t i f i e d  i n  t h e  Acknowledgment s e c t i o n .  
Te lev i s ion  has  s t i l l  d i f f e r e n t  c h a r a c t e r i s t i c s  i n  t h i s  r e g a r d ,  having 
some of t h e  advantages and disadvantages of bo th .  I n  order  t o  compare 
t h e s e  sensors  a s  sources of d a t a  f o r  t h i s  t ype  of machine process ing  
and a n a l y s i s ,  a scene was s e l e c t e d  i n  which d a t a  had been gathered by 
both  a scanner  and photographic cameras s imultaneously.  C l a s s i f i c a t i o n s  
wi th  i d e n t i c a l  c l a s s e s  and t r a i n i n g  a reas  were c a r r i e d  out  on both 
types  of d a t a .  From t h i s  scene f o u r  d i f f e r e n t  d a t a  types  were t o  be 
compared; 
scanner  d a t a ;  
b lack  and white  m u l t i s p e c t r a l  photography; 
c o l o r  i n f r a r e d  photography; and 
- vidicon-scmned c o l o r  i n f r a r e d  photography. 
The scanner  d a t a  was used d i r e c t l y  i n  t h i s  t e s t .  The b lack  and 
white  m u l t i s p e c t r a l  photography was f i r s t  scanned, d i g i t i z e d  and then  
t h e  images from t h e  s e v e r a l  p a r t s  of t h e  spectrum were r e g i s t e r e d  wi th  
r e s p e c t  t o  one ano the r .  I n  t h e  case  of  t h e  co lo r  I R  photography, c o l o r  
s epa ra t ions  were f i r s t  ob ta ined  and t h e s e  were then  scanned, d i g i t i z e d  
and r e g i s t e r e d .  
Unfor tuna te ly ,  t e l e v i s i o n  d a t a  was not  c o l l e c t e d  s imultaneously 
wi th  t h e  o t h e r  t ypes  of d a t a  s i n c e  an a i rbo rne  t e l e v i s i o n  sensor  system 
was not  a v a i l a b l e  t o  u s .  However, i n  o rde r  t o  o b t a i n  some i d e a  of  how 
t e l e v i s i o n  might have performed, t h e  co lo r  photography was sub jec t ed  t o  
a v id icon  scanning system* a f t e r  which it was d i g i t i z e d  and r e g i s t e r e d .  
The r e s u l t s  of  t h i s  s tudy  a r e  shown i n  Figure 1 i n  b a r  graph form. 
The r e s u l t s  f o r  i n d i v i d u a l  c l a s s e s  a r e  shown on t h e  l e f t  wi th  t h e  over- 
a l l  average r e s u l t s  shown on t h e  r i g h t .  I n  ca r ry ing  out  t h i s  s t u d y ,  it 
was decided t o  a s se s s  t h e  performance based upon t h e  accuracy achieved 
by t h e  samples used t o  t r a i n  t h e  c l a s s i f i e r .  This i s  compared t o  
u s ing  so-ca l led  t e s t  samples o r  samples o t h e r  t han  those  used t o  t r a i n  
t h e  c l a s s i f i e r .  It was f e l t  i n  s o  doing t h a t  t h i s  would minimize t h e  
e f f e c t  of scene v a r i a b i l i t y ,  one of t h e  o the r  major experimental  v a r i a b l e s .  
In  t h e  case of t h e  scanner d a t a ,  t h e  b e s t  four  of 15  a v a i l a b l e  
s p e c t r a l  bands were s e l e c t e d  us ing  t h e  divergence processor .  These bands 
tu rned  out t o  be 0.44-0.46, 0.58-0.62, 1.0-1.4 and 1.5-1.8 micrometers.  
The d a t a  was c o l l e c t e d  wi th  t h e  Michigan scanner  system. Three bands 
of  b l ack  and whi te  photography were a v a i l a b l e  i n  a 7Omm format .  The 
f i l m  types  and Wratten f i l t e r s  used were: Green, 2402, 58; Red, 2402, 
25A; and I R ,  2424, 8 9 ~ .  The c o l o r  photography po r t ion  of t h e  experiment 
was c a r r i e d  out us ing  type  2443 co lo r  i n f r a r e d  f i l m  i n  a 9" by 9" format 
wi th  a Wratten 1 5  f i l t e r .  
*The v id icon  scanning of  t h e  photography was accomplished by t h e  IBM 
Houston Science Center a t  no cos t  t o  Purdue. 
It i s  seen t h a t  t h e  c l a s s i f i c a t i o n  accuracy a s  a  whole was very  
h igh .  Thus, a  two o r  t h r e e  percent  d i f f e r e n c e  i n  o v e r a l l  accuracy i s  
probably s i g n i f i c a n t  . 
The r e s u l t s  do t end  t o  v e r i f y  what might be expected from a  d e t a i l e d  
knowledge of t h e  sensor  type  and processing a lgor i thms,  namely, t h a t  t h e  
scanner produced t h e  h ighes t  performance. This was followed by t h e  b lack  
and white m u l t i s p e c t r a l  photography; performance i n  t h i s  case  was only 
s l i g h t l y  g r e a t e r  t han  c o l o r  photography due no doubt t o  t h e  p o s s i b i l i t y  
of achiev ing  s l i g h t l y  g r e a t e r  rad iometr ic  p rec i s ion  with a  s i n g l e  photo- 
graphic emulsion as  compared t o  a  mul t ip le - layer  one. The t e l e v i s i o n -  
scanned d a t a  gave t h e  poores t  performance, and while  it must be kept  i n  
mind t h a t  t h i s  d a t a  contained t h e  v a r i a b i l i t y  f a c t o r s  of  both t h e  
photography and t h e  t e l e v i s i o n  senso r ,  it neve r the l e s s  i s  t o  be expected 
t h a t  performance of a  t e l e v i s i o n  sensor  f o r  t h i s  type  of a n a l y s i s  would 
indeed be somewhat i n f e r i o r  t o  t h e  o t h e r s .  No co r rec t ions  were appl ied  
t o  t h e  d a t a  wi th  regard  t o  sun angle e f f e c t ,  v i g n e t t i n g  o r  o t h e r  types  
of d i s t o r t i n g  f a c t o r s .  
DATA PREPROCESSING STUDIES 
There a r e  a  l a r g e  number of parameters of t h e  sensor  and d a t a  
process ing  systems which a r e ,  a t  l e a s t  i n i t i a l l y ,  under t h e  c o n t r o l  of 
t h e  system des igne r .  Such f a c t o r s  a s  t h e  s p e c t r a l  and s p a t i a l  r e s o l u t i o n ,  
s igna l - to-noise  r a t i o ,  t h e  degree t o  which t h e  s i g n a l s  a r e  c a l i b r a t e d  
aga ins t  a v a i l a b l e  s t anda rds ,  and many o t h e r s  have a  d i r e c t  bea r ing  upon t h e  
achievable c l a s s i f i c a t i o n  accuracy.  I n  o rde r  t o  determine t h e  s e n s i t i v i t y  
and o v e r a l l  e f f e c t  of t h e  system wi th  r ega rd  t o  t h e s e  var ious  parameters ,  
a  number of s t u d i e s  a r e  underway a t  LARS/Purdue . An a d d i t i o n a l  o b j e c t i v e  
of t h e s e  s t u d i e s  i s  t h e  determining of s u i t a b l e  techniques by which d a t a  
preprocess ing  may be c a r r i e d  out  t o  modify and opt imize t h e  d a t a  wi th  
r e spec t  t o  t h e s e  parameters .  This i s  e s p e c i a l l y  d e s i r a b l e  s i n c e  no one 
system design w i l l  be u n i v e r s a l l y  opt imal  f o r  a l l  d a t a  a n a l y s i s  purposes.  
Figure 2 shows t h e  o v e r a l l  o rgan iza t ion  of t h e s e  s t u d i e s .  They a r e  
d iv ided  i n t o  fou r  broad a reas  , each of which has s e v e r a l  sub-parts  . For 
example, cons ider  t h e  programs i n  s igna l - to-noise  r a t i o  improvement 
i n d i c a t e d  on t h e  l e f t .  By us ing  ad jacent  scan l i n e s  of d a t a  it i s  
poss ib l e  t o  improve t h e  s igna l - to-noise  r a t i o  b u t ,  t o  some e x t e n t ,  a t  t h e  
expense of  s p a t i a l  r e s o l u t i o n .  This technique i s  used t o  remove o r  
minimize t h e  e f f e c t  of such random noise  a s  i s  generated i n  a  scanner  
d e t e c t o r  among o the r  p l a c e s .  
There a r e  many types  of  sys temat ic  no i se  introduced by senso r s .  
E f f e c t s  such a s  v i g n e t t i n g  i n  photography o r  t e l e v i s i o n  where t h e  d a t a  
i s  c o l l e c t e d  i n  frames o r  Moire p a t t e r n s  i n  l i n e  scanners  a r e  examples 
of  problems which can be minimized o r  removed through d a t a  process ing ,  
b u t  gene ra l ly  a t  t h e  expense of o t h e r  parameters i n  t h e  system. The 
ob jec t ive  he re  i s  t o  deveJop s u i t a b l e  techniques t o  apply theory  t o  
p r a c t i c e  and t o  quan t i fy  t h e  r e s u l t  of doing so .  I n  t h e  remainder of  
t h i s  s e c t i o n  a r e  presented  r e s u l t s  ob ta ined  dur ing  t h e  p a s t  year  by 
s e v e r a l  s t u d i e s  i nd ica t ed  i n  Figure 2 .  
SCANNER DATA CALIBRATION STUDY 
Consider f i r s t  a  s tudy  of methods f o r  t h e  rad iometr ic  c a l i b r a t i o n  
of  scanner  d a t a .  The r e s u l t s  from t h i s  s tudy  a r e  shown i n  Figure 3. 
The d a t a  used f o r  t h i s  s tudy i s  from t h e  Michigan scanner  system and t h e  
1971 Corn B l igh t  Watch Experiment. With t h i s  scanner  system t h e  scanner 
sensors  a r e  o p t i c a l l y  exposed t o  t h r e e  d i f f e r e n t  c a l i b r a t i o n  sources 
f o r  each r evo lu t ion  of t h e  scanning mi r ro r .  These a r e  a  black l e v e l  ( c 0 ) ,  a  l e v e l  of  f i x e d  i l l umina t ion  ( c l )  and a  sensor  exposed t o  t h e  
s o l a r  i n s o l a t i o n  on t h e  t o p  of t h e  a i r c r a f t  ( c 2 ) .  The C o  o r  b lack  
l e v e l  c a l i b r a t i o n  i s  in tended  t o  be used t o  remove any DC d r i f t  which 
may occur dur ing  t h e  course of  a  d a t a  ga the r ing  mission by e s t a b l i s h i n g  
a  r e f e rence  l e v e l  a t  t h e  output  f o r  zero ( o p t i c a l )  energy i n .  It i s  
p o s s i b l e  t o  use e i t h e r  C1 o r  C2 t o  c o r r e c t  f o r  any changes i n  system 
gain and/or any changes i n  i l l umina t ion  occurr ing  a t  t h e  t o p  of  t h e  
a i r c r a f t .  I n  a c t u a l i t y ,  t h e  computer sof tware system used has been 
arranged i n  such a  w a y  t h a t  any two o f  t h e s e  t h r e e  s i g n a l s  can be used 
t o  e s t a b l i s h  c a l i b r a t i o n  of t h e  d a t a  i n  a  l i n e a r  fash ion .  
When cons ider ing  d a t a  c a l i b r a t i o n  however, one must recognize t h a t  
c a l i b r a t i o n  l e v e l s  can only be determined wi th  a  s igna l - to-noise  r a t i o  
which i s  f i n i t e  ( t h a t  i s ,  l e s s  than  i n f i n i t e )  j u s t  a s  i s  t h e  case  f o r  
t h e  d a t a  f r o m t h e  scene i t s e l f .  Thus, one w i l l  be u s ing  c a l i b r a t i o n  
information of  a  given s ignal- to-noise r a t i o  t o  c o r r e c t  scene d a t a  of a  
given s ignal- to-noise r a t i o  and depending on t h e  need of t h e  system f o r  
c a l i b r a t i o n ,  t h e  e f f e c t  may e i t h e r  improve o r  degrade t h e  o v e r a l l  pe r fo r -  
mance of  t h e  system. The ques t ion  posed i n  t h i s  s tudy then  i s :  In  a  
given s i t u a t i o n  does c a l i b r a t i o n  h e l p ,  and i f  s o ,  which type  he lps  t h e  
most? 
Three d i f f e r e n t  d a t a  s e t s  were used i n  t h i s  p a r t i c u l a r  t e s t .  These 
d a t a  s e t s  a r e  from segments 206, 208 and 215 of t h e  1971 Corn B l igh t  
Watch Experiment. * I n  each case t r a i n i n g  samples from a  given segment 
*Segments 201 through 230 of t h e  1971 Corn B l igh t  Watch Experiment were 
d i s t r i b u t e d  i n  o rde r  from nor th  t o  south a long  t h e  western t h i r d  of t h e  
S t a t e  of Indiana .  These t h r e e  segments a r e  t h e r e f o r e  from t h e  no r the rn  
h a l f  o f  t h e  s t a t e  and a r e  separa ted  by a  maximum of about 100 mi l e s .  
Each segment i s  approximately 1 by 8 mi l e s .  
were s e l e c t e d  f o r  a  corn v s .  noncorn c l a s s i f i c a t i o n .  The c l a s s i f i c a t i o n  
was c a r r i e d  out  and then  samples from f i e l d s  o t h e r  than  those  used f o r  
t r a i n i n g  were used t o  t e s t  t h e  accuracy t o  a s s e s s  t h e  performance. 
Shown i n  Figure 3 a r e  t h e  r e s u l t s  of t h e  t e s t  with t h e  i n d i v i d u a l  
segment accurac ies  shown on t h e  l e f t  and t h e  o v e r a l l  average shown on t h e  
r i g h t .  The o v e r a l l  average does indeed i n d i c a t e  t h a t  c a l i b r a t i o n  h e l p s ,  
a l though note  t h a t  i n  segment 215 t h e  "no c a l i b r a t i o n "  c o n t r o l  c l a s s i -  
f i c a t i o n  provided a  h igher  performance than  any of t h e  types  of 
c a l i b r a t i o n .  Again, o v e r a l l  t h e r e  was ind ica t ed  a  s l i g h t  preference  f o r  
u s ing  t h e  Co - C1 c a l i b r a t i o n .  
Based on t h e  design of  t h e  sensor  system, t h e  s igna l - to-noise  r a t i o  
of t h e  C 1  c a l i b r a t i o n  s i g n a l  i s ,  i n  gene ra l ,  poorer  than  t h a t  from t h e  
sun sensor  C2. That i s  t o  s ay ,  given a  h ighe r  q u a l i t y  s i g n a l  from t h e  
c a l i b r a t i o n  lamp, t h i s  s l i g h t  preference  i n  t h i s  case of Co  - C 1  c a l i -  
b r a t i o n  might become an even more pronounced p re fe rence .  It i s  important 
t o  add however, t h a t  i n  t h e  case of  a i r c r a f t  d a t a ,  as  one c o l l e c t s  d a t a  
from l a r g e r  and l a r g e r  a r e a s ,  v a r i a t i o n s  i n  s o l a r  i l l umina t ion  become 
more impor tan t ,  and it may become more d e s i r a b l e  t o  use C o  - C2 
c a l i b r a t i o n  i n  o rde r  t o  achieve h ighes t  accuracy. This proved t o  be t h e  
case i n  t h e  next  experiment t o  be descr ibed .  
EXTRAPOLATION OF TRAINING SAMPLES 
Over how l a r g e  a  geographical  a r ea  i s  a  given t r a i n i n g  s e t  v a l i d ?  
This i s  a  very important ques t ion .  Only a  r e l a t i v e l y  small  p ropor t ion  
of t h e  t o t a l  cos t  of process ing  t h e  d a t a  a t  t h e  p re sen t  t ime i s  
a t t r i b u t a b l e  t o  t h e  a c t u a l  a n a l y s i s  c a l c u l a t i o n  i t s e l f .  This i s  t r u e  
whether t h e  a n a l y s i s  i s  done by analog o r  d i g i t a l  mode. The expensive 
po r t ion  of t h e  process ing  remains t h e  t r a i n i n g  phase o f  t h e  a n a l y s i s .  
Thus, it i s  important t o  develop techniques which reduce t h e  complexity 
and t h e r e f o r e  t h e  c o s t  o f  t h e  t r a i n i n g  phase and it i s  a l s o  d e s i r a b l e  
t o  develop techniques  by which a  s i n g l e  t r a i n i n g  o f  a  c l a s s i f i e r  can be 
u t i l i z e d  over l a r g e r  and l a r g e r  geographical  a r e a s .  It was an examination 
of t h i s  l a t t e r  ques t ion  which was t r e a t e d  i n  t h e  s tudy  t o  be descr ibed  
now. Many o f  t h e  d e t a i l s  o f  t h e  s tudy  a r e  apparent  from t h e  r e s u l t s  
d i sp layed  i n  Figure 4. The o r d i n a t e  d i sp l ays  t e s t  d a t a  accuracy.  The 
a b s c i s s a  i n d i c a t e s  t h e  segment of t h e  1971 Corn B l igh t  Watch Experiment 
d a t a  from which t r a i n i n g  was der ived .  The legend of  t h e  graph i n d i c a t e s  
t h e  segments c l a s s i f i e d .  The fo l lowing  t a b l e  i n d i c a t e s  t h e  d i s t a n c e  
s e p a r a t i n g  each segment. 
Number of Airmiles Separa t ing  t h e  
Center of Four Segments of t h e  
1971 Corn Bl ight  Watch Experiment 
Segment 
Number - 208 215 230 
As expected,  it appears t o  be genera l ly  t r u e  t h a t  t h e  f a r t h e r  one 
g e t s  fYom t h e  t r a i n i n g  sample a r e a  t h e  poorer  t h e  accuracy.  However, 
t h e r e  a r e  s e v e r a l  f a c t o r s  t o  be kept  i n  mind i n  t h i s  p a r t i c u l a r  t e s t  
i n  cons ider ing  how r a p i d l y  t h e  accuracy d e t e r i o r a t e s  wi th  d i s t a n c e .  
F i r s t  o f  a l l ,  t h e  segments a r e  d i s t r i b u t e d  i n  a  north-south d i r e c t i o n .  
This i s  t h e  d i r e c t i o n  of  maximum change wi th  regard  t o  seasonal  
v a r i a t i o n .  One would expect  t h e  growing season t o  be approximately 
two weeks f u r t h e r  advanced a t  t h e  southern most segment on a  given day 
than  a t  t h e  nor thern  most. Second, while a l l  d a t a  used i s  from t h e  
same mission per iod  of t h e  corn b l i g h t  watch, it d id  not  prove poss ib l e  
t o  ga ther  a l l  t h e  d a t a  on t h e  same day. Indeed, t h e  d a t a  ga ther ing  
was extended over a  13-day per iod  and,  i n  a d d i t i o n ,  t h e  d a t a  from t h e  
n o r t h ,  o r  l e a s t  advanced po r t ion  of t h e  growing season,  was gathered 
f i r s t ,  with t h a t  i n  t h e  south o r  most advanced be ing  gathered l a s t .  
This tended t o  enhance seasonal  v a r i a t i o n s  wi th  regard  t o  crop ma tu r i t y .  
A l l  d a t a  was gathered between 10:30 and 11:45 a.m. Thus t h e r e  were only 
r e l a t i v e l y  small  changes i n  sun angle .  It d i d  prove d e s i r a b l e  i n  t h i s  
case  t o  use Co - C2 c a l i b r a t i o n .  That i s ,  t h a t  c a l i b r a t i o n  involv ing  
removing DC d r i f t  with t h e  b l ack  l e v e l  c a l i b r a t i o n  information and 
a d j u s t i n g  t h e  o v e r a l l  system gain based upon t h e  ind ica t ed  s o l a r  
i l l umina t ion  a s  determined a t  t h e  t o p  of t h e  a i r p l a n e .  
These r e s u l t s  t oge the r  with e a r l i e r  r e s u l t s  shown, tend  t o  be 
encouraging wi th  r ega rd  t o  t h e  e x t r a p o l a t i o n  of t r a i n i n g  s e t s  p a r t i c u l a r l y  
i n  view of t h e  improvement expected when s a t e l l i t e - g a t h e r e d  d a t a  becomes 
a v a i l a b l e .  Perhaps one of t h e  g r e a t e s t  advantages of t h e  s a t e l l i t e ,  one 
which i s  no t  achievable wi th  an a i r c r a f t  system, i s  t h a t  d a t a  over very 
l a r g e  a reas  can be gathered i n  a  very s h o r t  t ime ,  t hus  hoid ing  a s  n e a r l y  
cons tan t  a s  poss ib l e  many experimental  v a r i a b l e s  of t h e  system such a s  
t h e  sun a n g l e ,  t ime of t h e  growing season ,  e t c .  
SUN ANGLE E F F E C T  CORRECTION 
A t t en t ion  has o f t e n  been drawn t o  t h e  f a c t  t h a t  t h e  r e f l e c t a n c e  of  
e a r t h  su r f ace  m a t e r i a l s  i s  very dependent upon t h e  angle o f  i l l umina t ion  
r e l a t i v e  t o  t h e  angle of view. This f a c t  has a  pronounced e f f e c t  upon 
a l l  types  of imagery. The e f f e c t  on scanner  imagery i s  i l l u s t r a t e d  i n  
Figure 5 .  The l e f t  image i n  t h i s  f i g u r e  shows uncorrected d a t a  which 
was ga thered  by scanner  a t  10:OO a.m. This d a t a  was gathered from an 
a i r c r a f t  having  a nor thern  heading such t h a t  a t  t h i s  hour o f  t h e  morning 
t h e  sun was t o  t h e  r i g h t  and somewhat t o  t h e  r e a r  (due t o  t h e  season and 
l a t i t u d e  of  t h e  f l i g h t l i n e )  of t h e  a i r c r a f t .  The f a c t  t h a t  t h e  image 
appears  washed out  on t h e  l e f t  i s  no t  an a r t i f a c t  of image reproduct ion ,  
bu t  sun angle e f f e c t  which i s  present  i n  t h e  d a t a .  
B r i e f l y ,  s i n c e  t h e  l i n e  of  view i s  n e a r l y  p a r a l l e l  t o  t h e  i l l u m i n a t i n g  
rays  of t h e  sun on t h e  l e f t  po r t i on  of t h e  image, t h e  amount o f  energy 
r e f l e c t e d  from any given (rough s u r f a c e )  m a t e r i a l  t ends  t o  be g r e a t e r .  
This e f f e c t  i s  even more apparent by viewing t h e  average response 
from a  l a r g e  number of  scan l i n e s .  Figure 6 shows such a  p re sen ta t ion  i n  
g raph ica l  form. P l o t t e d  he re  i s  t h e  average response f o r  a  l a r g e  number 
o f  columns of  d a t a  i n  t h e  imagery p l o t t e d  versus  t h e  column number. For 
t h i s  d a t a  s e t ,  ga thered  s h o r t l y  a f t e r  9:00 a.m.,  t h e  response i s  c l e a r l y  
g r e a t e r  on t h e  l e f t ,  o r  wes t ,  po r t i on  of  t h e  f i e l d  of  view than  i t  i s  on 
t h e  r i g h t ,  o r  e a s t .  Figure 7 and 8 show p r e s e n t a t i o n s  of  t h e  same type  
f o r  d a t a  gathered nea r  l o c a l  noon and l a t e  i n  t h e  a f t e rnoon ,  r e s p e c t i v e l y .  
Var ia t ions  of t h i s  e f f e c t  wi th  t ime of day i s  r e a d i l y  apparent .  
This e f f e c t  has been known f o r  some t ime and it i s  r e l a t i v e l y  easy 
t o  improve t h e  appearance of t h e  imagery by appropr i a t e  process ing .  The 
most succes s fu l  technique found t o  da t e  has  been t o  use a  c h a r a c t e r i s t i c  
curve such a s  Figure 6 t o  der ive  app ropr i a t e  m u l t i p l i c a t i v e  c o r r e c t i o n  
f a c t o r s  f o r  each column i n  t h e  d a t a .  The r e s u l t s  of  having app l i ed  
t h i s  technique  t o  t h e  d a t a  f o r  t h e  l e f tmos t  image of F igure  5 i s  shown 
i n  t h e  c e n t e r  of Figure 5 .  It i s  obvious t h a t  t h e  appearance of t h e  
image i s  g r e a t l y  improved. However, a  c a r e f u l  i n spec t ion  o f  t h e  image 
w i l l  r e v e a l  t h a t  a  v e r t i c a l  l i n e  s t r u c t u r e  has been in t roduced  i n t o  it 
due t o  t h e  f a c t  t h a t  t h e  c h a r a c t e r i s t i c  curve was not  s u f f i c i e n t l y  smooth. 
I f ,  p r i o r  t o  applying t h e  c o r r e c t i o n ,  t h i s  c h a r a c t e r i s t i c  curve i s  
smoothed a p p r o p r i a t e l y ,  t h e  r e s u l t  achieved w i l l  be a s  shown i n  t h e  r i g h t -  
hand image o f  Figure 5 .  
Perhaps more important t han  t h e  appearance of  t h e  image, however, i s  
t h e  q u a l i t y  of t h e  d a t a  i t s e l f .  A more q u a n t i t a t i v e  t e s t  o f  t h e  r e l a t i v e  
e f f e c t i v e n e s s  o f  t h i s  type  of  c o r r e c t i o n  can be obta ined  by c a r r y i n g  out 
a  c l a s s i f i c a t i o n  o f  t h e  d a t a  s e t  i n t o  app ropr i a t e  c l a s s e s  f o r  t h e  case  
of both co r r ec t ed  and uncorrected d a t a .  Two examples of t h e  r e s u l t  of 
doing t h i s  a r e  shown i n  Figure 9 .  In  t h i s  ca se ,  t h e  r e s u l t s  f o r  a  corn 
versus noncorn c l a s s i f i c a t i o n  c a r r i e d  out  on two d i f f e r e n t  d a t a  s e t s  i s  
shown, and i n  each case t h e  c l a s s i f i c a t i o n  of  t h e  o r i g i n a l  versus sun- 
angle-corrected d a t a  i s  compared. Note t h a t  t h e  co r r ec t ion  of t h e  d a t a  
d i d  r e s u l t  i n  a  s i g n i f i c a n t  improvement i n  accuracy f o r  t h e  c l a s s i f i c a t i o n  
i n d i c a t e d  by t h e  two p a i r  of ba r s  on t h e  l e f t .  However, t h e  o the r  
c l a s s i f i c a t i o n  shows a  degradat ion of  performance due t o  d a t a  c o r r e c t i o n .  
Note t h a t  t h e  degradat ion occurred i n  t h e  d a t a  s e t  c o l l e c t e d  e a r l i e r  i n  
t h e  morning, when t h e  sun angle e f f e c t  would be more seve re .  
The purpose of  t h i s  i s  t o  i l l u s t r a t e  t h e  poin t  t h a t  though s a t i s f a c t o r y  
improvement i n  image appearance i s  p o s s i b l e ,  t h e  r e s u l t s  with regard  t o  
improving d a t a  q u a l i t y  a r e  q u i t e  mixed. It must be kept  i n  mind t h a t  t h e  
degree t o  which t h e  i l l u s t r a t e d  sun angle e f f e c t  t akes  p lace  depends not  
only upon t h e  angle r e l a t i o n s h i p  between t h e  sun,  t h e  scene and t h e  
observer  bu t  a l s o  t h e  contents  of t h e  scene i t s e l f .  I nd iv idua l  a r eas  
w i th in  t h e  scene w i l l  d i sp l ay  t h i s  e f f e c t  t o  a  g r e a t e r  ex t en t  depending 
on t h e i r  con ten t s .  By t h e  procedure desc r ibed ,  although a  g loba l ly  
appropr ia te  c o r r e c t i o n  can be made, t h e r e  i s  no information a v a i l a b l e  
by which t o  make t h e  c o r r e c t i o n  a l s o  l o c a l l y  c o r r e c t .  Since c l a s s i f i c a t i o n  
i s  made on a  l o c a l  b a s i s  it i s  l o c a l  c o r r e c t i o n  t h a t  i s  r equ i r ed .  Best 
o v e r a l l  r e s u l t s  can be obta ined  by d e f i n i n g  p a i r s  of c l a s s e s  - one s e t  f o r  
t h e  l e f t  s i d e  of  t h e  scene ,  t h e  o t h e r  f o r  t h e  r i g h t  s i d e  - bu t  a t  t h e  
expense of t r a i n i n g  and process ing  complexity.  It i s  f e l t  , t h e r e f o r e ,  
t h a t  t h e  problem i s  i n  an u n s a t i s f a c t o r y  s t a t e  and a  new approach i s  
r e a l l y  needed, one no doubt l e s s  empi r i ca l ly  based,  bu t  based on an 
appropr i a t e  model of  t h e  t o t a l  s i t u a t i o n .  
DATA COMPRESSION TECHNIQUES 
We t u r n  now t o  t h e  ques t ion  of d a t a  compression. One of t h e  most 
obvious c h a r a c t e r i s t i c s  of t h e  remote sens ing  f i e l d  i s  t h e  l a r g e  quan t i t y  
of d a t a .  This d a t a  quan t i t y  tends  t o  s t r a i n  system resources e s p e c i a l l y  
with r ega rd  t o  d a t a  t ransmiss ion  and d a t a  s to rage  and r e t r i e v a l .  I f  
means f o r  compressing t h e  d a t a  can be found which do not  s i g n i f i c a n t l y  a l t e r  
t h e  d a t a  q u a l i t y ,  it would be most vafuable .  This l e d  us  t o  begin a  
d a t a  compression s tudy  and i n  p a r t i c u l a r  t o  examine a  c l a s s  of l i n e a r  
t ransformat ions  f o r  t h i s  purpose. Among o the r  advantages,  t h i s  approach 
would t end  t o  minimize t h e  amount of  a d d i t i o n a l  process ing  which would 
be involved .  
There e x i s t s  i n  t h e  l i t e r a t u r e  a  p a r t i c u l a r  s i g n a l  r ep re sen ta t ion  
scheme known as  t h e  Karhunen-Loeve Orthogonal expansion. Theore t i ca l  
r e s u l t s  a v a i l a b l e  wi th  regard  t o  t h i s  expansion suggested a  number of 
advantages and I s h a l l  b r i e f l y  descr ibe  t h e  technique .  I n  t h i s  
a p p l i c a t i o n  it amounts simply t o  a  p r i n c i p a l  components t ransformat ion  
and t h i s  i s  i l l u s t r a t e d  i n  Figure 10 .  Suppose f o r  example, we have some 
m u l t i s p e c t r a l  d a t a  i n  two s p e c t r a l  bands. Since m u l t i s p e c t r a l  d a t a  i s  
t y p i c a l l y  c o r r e l a t e d  from channel t o  channel it may d i s t r i b u t e  i t s e l f  
a s  shown by t h e  oval  shaped d i s t r i b u t i o n  i n  t h i s  f i g u r e .  A p r i n c i p a l  
components t ransformat ion  amounts t o  de f in ing  a  new s e t  of axes by 
t a k i n g  a  l i n e a r  combination of t h e  o r i g i n a l  axes .  The computation 
involved i s  shown by t h e  two equat ions i n  t h e  lower p a r t  of t h e  f i g u r e .  
The a  c o e f f i c i e n t s  i n  t h e s e  equat ions determine t h e  o r i e n t a t i o n  of t h e  
new axes r e l a t i v e  t o  t h e  o r i g i n a l  ones.  
A p r i n c i p a l  components t ransformat ion  i s  t h a t  p a r t i c u l a r  t ransformat ion  
by which t h e  f i r s t  new a x i s ,  y  i n  t h e  f i g u r e ,  i s  chosen so  a s  t o  be 
o r i e n t e d  along t h e  d i r e c t i o n  04 maximum range o r  spread of t h e  d a t a  a s  
shown i n  t h e  f i g u r e .  The second component i s  chosen perpendicular  t o  
t h e  f i r s t  bu t  i n  t h e  d i r e c t i o n  of t h e  next  most p r i n c i p a l  d i s t r i b u t i o n  
of  t h e  d a t a .  I n  h igher  dimensional c a s e s ,  succeeding axes cont inue t o  
be chosen orthogonal  t o  t h e  p r i o r  ones but  i n  t h e  d i r e c t i o n  of maximum 
remaining range of d i s t r i b u t i o n .  
The usefu lness  of  t h i s  t ransformat ion  f o r  t h e  d a t a  compression 
problem comes about because m u l t i s p e c t r a l  d a t a ,  t y p i c a l l y  be ing  h igh ly  
c o r r e l a t e d  between s p e c t r a l  bands, tends t o  f a l l  i n  a  r e l a t i v e l y  long ,  
narrow d i s t r i b u t i o n  i n  n-dimensional space .  Thus, it i s  poss ib l e  t o  
concent ra te  most of t h e  dynamic v a r i a b i l i t y  of t h e  d a t a  i n  a  very few 
number of p r i n c i p a l  components. This i s  d ramat ica l ly  i l l u s t r a t e d  i n  
Figure 11, which i s  a  p l o t  of one measure of t h e  dynamic range of t h e  
d a t a  a f t e r  t ransformat ion  as  a  func t ion  of t h e  p r i n c i p a l  component number. 
This da t a  was from 12 s p e c t r a l  bands and it can be seen t h a t  a f t e r  
t ransformat ion  only about 3 coord ina tes  have any apprec iab le  dynamic d i s -  
t r i b u t i o n  of  d a t a .  The concept f o r  d a t a  compression purposes i s  t o  
t ransform t h i s  12-spec t ra l  band d a t a  i n t o  12  new components and then  
d i sca rd  t h e ,  i n  t h i s  case  9 ,  which have e s s e n t i a l l y  no range and t h e r e f o r e  
no information i n  them. I n  t h i s  c a s e ,  a  12  t o  3 o r  4 t o  1 compression 
r a t i o  would be achieved while  i n c u r r i n g  only t h e  smal l  e r r o r  i nd ica t ed  by 
t h e  sum of t h e  mean square values of  t h e  9 discarded  components a s  compared 
t o  t h e  3 r e t a i n e d  ones.  
A f u r t h e r  compression can a l s o  be achieved by a  process  c a l l e d  " b i t  
a l l o c a t i o n . "  For example, suppose t h e  o r i g i n a l  12 band da t a  had been 
represented  t o  an 8 b i t  p r e c i s i o n  i n  each of t h e  12  bands; t h a t  i s ,  i n  
each band any one of 256 poss ib l e  gray values i s  allowed f o r .  This would 
be 8 b i t s  t imes 12  bands o r  96 b i t s  per  m u l t i s p e c t r a l  sample. 
Again r e f e r r i n g  t o  Figure 11, c e r t a i n l y  t h e  dynamic range of  t h e  
f i r s t  p r i n c i p a l  component a f t e r  t ransformat ion  would be much l a r g e r  than 
any of  t h e  o r i g i n a l  s p e c t r a l  bands had been.  Therefore ,  i n  order  t o  
achieve t h e  same p rec i s ion  of d a t a  r e p r e s e n t a t i o n  more b i t s  would need t o  
be assigned t o  t h i s  component. However, succeedingly l e s s  could be 
assigned t o  success ive  components. It may t u r n  o u t ,  f o r  example, t h a t  
f o r  t h e  3 most p r i n c i p a l  components, t h e  dynamic range r equ i r ed  i n  terms 
of t h e  number of b i t s  might be  9 ,  6 and 4 al lowing f o r  512, 64 and 16  
gray va lues  r e s p e c t i v e l y  f o r  t h e  t h r e e  most p r i n c i p a l  components. This 
t o t a l  new b i t  a l l o c a t i o n  of 9 plus  6 p lus  4 equals  19  b i t s  and compares 
wi th  t h e  8 p lus  8 p lus  8 equals  24 which might have been used had not  
b i t  a l l o c a t i o n  been cons idered .  This r ep re sen t s  not only an a d d i t i o n a l  
compression of d a t a  but  a l s o  an improvement i n  t h e  p rec i s ion  wi th  which 
t h e  d a t a  would be presented s i n c e  t h e  o r i g i n a l  8 b i t s  i n  t h e  f i r s t  
p r i n c i p a l  component would not  have been adequate t o  handle proper ly  t h e  
l a r g e r  dynamic range .  
Figure 12  shows a  block diagram of  a  t e s t  d a t a  compression system 
which has been assembled i n  order  t o  t e s t  t h i s  genera l  approach on e a r t h  
resources  m u l t i s p e c t r a l  d a t a .  The f i r s t  two blocks i n d i c a t e  t h e  two 
s t e p s  j u s t  descr ibed;  namely, d a t a  t ransformat ion  followed by b i t  
a l l o c a t i o n .  If it i s  then  des i r ed  t o  recover  t h e  o r i g i n a l  d a t a ,  t h e  
next  s t e p  would be  an inve r se  t ransformat ion  followed by a  b i t  a l l o c a t i o n ,  
t hus  t ransforming  t h e  compressed d a t a  back t o  t h e  o r i g i n a l  coord ina te  
system and t h e  o r i g i n a l  dynamic range.  
Two a d d i t i o n a l  f e a t u r e s  not  prev ious ly  descr ibed have been incorpora ted  
i n t o  t h i s  system. F i r s t  o f  a l l ,  though t h e  above d e s c r i p t i o n  of t h e  
concept involves  compression based only on s p e c t r a l  redundancy, i t  i s  
poss ib l e  t o  use t h i s  approach t o  t ake  advantage of both s p e c t r a l  redundancy 
and s p a t i a l  redundancy i n  t h e  imagery d a t a .  It i s  apparent from t h e  above 
d e s c r i p t i o n  t h a t  b a s i c a l l y  t h e  only requirement a t  t h e  inpu t  i s  f o r  t h e  
d a t a  t o  be i n  t h e  form of  a  vec tor  r e p r e s e n t a t i o n .  The components o f  
t h e  v e c t o r  may be s p e c t r a l  components a s  descr ibed  above, bu t  they  may 
a l s o  have been der ived  by us ing  groups of vec to r s  i n  s p a t i a l  proximity t o  
one another .  For example, i f  t h e  d a t a  i s  composed of  samples from a  12- 
band m u l t i s p e c t r a l  scanner ,  i npu t s  t o  t h i s  d a t a  compression system could 
be assembled by t a k i n g  p a i r s  of ad jacent  p o i n t s ,  t hus  c r e a t i n g  24- 
dimensional input  v e c t o r s .  Indeed, t h e  system of  Figure 12 i s  prepared 
t o  handle d a t a  from an a r b i t r a r y  number of  l i n e s ,  an a r b i t r a r y  number 
of columns and an a r b i t r a r y  number of  channels of  ad jacent  sample p o i n t s .  
I n  t h i s  way, i n  add i t i on  t o  s p e c t r a l  redundancy, s p a t i a l  redundancy can 
a l s o  be used t o  achieve h igher  compression r a t i o s .  
Another f e a t u r e  of t h e  system i s  t h a t  o t h e r  t ransformat ions  bes ides  
t h e  Karhunen-Loeve ( p r i n c i p a l  components ) t ransformat ion  have been 
implemented wi th  t h e  system. The p r i n c i p a l  components t ransformat ion  i s  
a type  r e f e r r e d  t o  a s  a  data-dependent t ransformat ion  i n  t h a t  t h e  p r e c i s e  
c o e f f i c i e n t s  f o r  t h e  t ransformat ion  a r e  computed each t ime based upon 
c a l c u l a t i o n s  involv ing  t h e  t o t a l  d a t a  s e t  t o  be t ransformed.  However, 
any t ransformat ion  could be  used and a t  l e a s t  two o the r  t ransformat ions  
have been examined b e s i d e s  t h e  one j u s t  d e s c r i b e d .  These a r e  t h e  s t a n d a r d  
F o u r i e r  (harmonic a n a l y s i s  ) t r a n s f o r m a t i o n  and one c a l l e d  t h e  Hadamard 
t r a n s f o r m .  The F o u r i e r  t r a n s f o r m  was s e l e c t e d  f o r  t e s t s  because  o f  i t s  
f a m i l i a r i t y  and t h e  r o b u s t n e s s  t h e  t r a n s f o r m a t i o n  has  shown wi th  r e g a r d  
t o  a  l a r g e  c l a s s  o f  problems e x t e n d i n g  a c r o s s  t h e  v a r i o u s  f i e l d s  o f  
s c i e n c e .  The Hadamard t r a n s f o r m ,  on t h e  o t h e r  hand,  was s e l e c t e d  because  
o f  i t s  extreme convenience s i n c e  t h e  Hadamard f u n c t i o n s  a n d ,  t h e r e f o r e ,  
t h e  c o e f f i c i e n t s  i n v o l v e d ,  a r e  always e i t h e r  ones o r  z e r o s ,  t h u s  making a 
d i g i t a l  implementat ion o f  t h i s  t r a n s f o r m  ex t remely  s imple  and e f f i c i e n t  
from t h e  computa t iona l  s t a n d p o i n t .  Both o f  t h e s e  two t r a n s f o r m s  a r e  non- 
d a t a  dependent ;  t h a t  i s ,  t h e y  r e q u i r e  no p r i o r  computation o f  scene s t a -  
t i s t i c s  b e f o r e  p roceed ing  w i t h  t h e  t r a n s f o r m a t i o n .  I n  a d d i t i o n  t o  t h e s e  
two,  an  "average"  Karhunen-Loeve t r a n s f o r m  cou ld  be used b a s e d  on scene  
s t a t i s t i c s  from a  s o - c a l l e d  average  s c e n e .  This would be  a n o t h e r  means 
o f  e l i m i n a t i n g  a  need f o r  a p r e c a l c u l a t i o n  o f  scene  s t a t i s t i c s  a t  t h e  c o s t  
o f  some d e g r a d a t i o n  from optimum performance.  
I n  a d d i t i o n  t o  d a t a  compression f o r  d a t a  s t o r a g e  and r e t r i e v a l  p u r p o s e s ,  
a  procedure  such a s  t h e  above cou ld  have s e v e r a l  o t h e r  advan tages .  For 
example,  i n  F igure  1 2  t h e  d a t a  t r a n s f o r m a t i o n  o u t p u t  cou ld  be used d i r e c t l y  
f o r  f e a t u r e  s e l e c t i o n  and c l a s s i f i c a t i o n  purposes .  Assuming 12-dimensional  
o r i g i n a l  d a t a ,  one problem immediate ly  t o  b e  f a c e d  i n  p r e p a r i n g  t o  a n a l y z e  
t h e  d a t a  s e t  i s  which s p e c t r a l  bands w i l l  be b e s t  i n  a  g iven c l a s s i f i c a t i o n .  
A somewhat l e n g t h y  computa t iona l  procedure  i s  a v a i l a b l e  f o r  de te rmin ing  
t h e  optimum s u b s e t  o f  s p e c t r a l  bands d e s i r a b l e ;  however, t h e  d a t a  i n  
p r i n c i p a l  components form can be used d i r e c t l y  i n  t h a t  t h e  f i r s t  n - p r i n c i p a l  
components t e n d  always t o  produce c l a s s i f i c a t i o n  a c c u r a c i e s  which a r e  a t  o r  
above t h e  accuracy  performance o b t a i n a b l e  by t h e  same number o f  o p t i m a l l y  
chosen o r i g i n a l  s p e c t r a l  b a n d s . .  Thus,  i n  a d d i t i o n  t o  accomplishing d a t a  
compress ion,  t h i s  scheme shows promise f o r  e l i m i n a t i n g  t h e  need f o r  t h e  
optimum f e a t u r e  s e l e c t i o n  computat ion.  This  p r o p e r t y  o f  t h e  t r a n s f o r m a t i o n  
has  been known f o r  some t i m e  and h a s  been used p r e v i o u s l y  by o t h e r  r e s e a r c h e r s  
e l sewhere .  
F u r t h e r ,  s i n c e  a f t e r  d a t a  t r a n s f o r m a t i o n  t h e  c o o r d i n a t e  sys tem,  and 
t h e r e f o r e  t h e  components i n v o l v e d ,  have been o r i e n t e d  t o  have maximum 
dynamic r a n g e ,  i f  an image i s  c o n s t r u c t e d  u s i n g  t h e  d a t a  from t h e  f i r s t  
p r i n c i p a l  component a t  t h i s  p o i n t ,  t h e  image w i l l  have g r e a t e r  dynamic range 
and t h e r e f o r e  g r e a t e s t  scene  c o n t r a s t  of any p o s s i b l e  image p r e s e n t a t i o n  
o f  t h e  d a t a .  One i s  guaran teed  o f  h a v i n g  g r e a t e r  image c o n t r a s t  t h a n  any f 
one o f  t h e  o r i g i n a l  s p e c t r a l  bands cou ld  have .  Th is  p r o v i d e s  imagery 
u s e f u l  i n  d e t e r m i n i n g ,  f o r  example,  boundar ies  i n  t h e  scene  and manually 
de te rmin ing  d i f f e r e n c e s  between any two m a t e r i a l s .  F igure  1 3  shows images 
c o n s t r u c t e d  from d a t a  u s i n g  t h e  f i r s t ,  second ,  t h i r d  and t w e l f t h  p r i n c i p a l  
components. These images were produced by a t t e m p t i n g  t o  s p r e a d  whatever  
dynamic range i s  p r e s e n t  i n  t h e  d a t a  over  t h e  f u l l  r ange  o f  t h e  c o n t r a s t  
a v a i l a b l e  i n  t h e  pho tograph ic  f i l m .  Not ice  t h a t  t h e  scene  c o n t r a s t  o f  t h e  
f i r s t  p r i n c i p a l  component image i s  markedly g r e a t e r  t h a n  t h a t  i n  t h e  t h i r d  
.,,- 
and s l i g h t l y  g r e a t e r  t han  t h a t  i n  t h e  second. Notice a l s o  t h a t  t h e  
t w e l f t h  p r i n c i p a l  component has  e s s e n t i a l l y  no image d e t a i l  a t  a l l .  
How does one determine t h e  e f f e c t i v e n e s s  of a  proposed d a t a  compression 
scheme? The ques t ions  which must be asked a r e :  how much d i s t o r t i o n  does 
t h e  compression scheme in t roduce  i n t o  t h e  d a t a  and how much does t h i s  
d i s t o r t i o n  a f f e c t  t h e  p o t e n t i a l  c l a s s i f i c a t i o n  accuracy and t h e  image 
q u a l i t y .  Figure 1 4  gives t h e  r a t e  d i s t o r t i o n  c h a r a c t e r i s t i c s  f o r  t h i s  
compression scheme and t h e r e f o r e  shows t h e  r e l a t i o n s h i p  of t h e  degree of 
compression obta ined  t o  t h e  amount of d i s t o r t i o n  in t roduced .  The d i s t o r -  
t i o n  i s  a s se s sed  by determining t h e  mean square d i f f e r e n c e  between t h e  
o r i g i n a l  image and t h e  compressed and r econs t ruc t ed  image. I n  t h i s  c a s e ,  
t h e  o r i g i n a l  d a t a  was a v a i l a b l e  a t  e i g h t  bits-per-sample p r e c i s i o n .  I n  
t h i s  c a s e ,  t h e  lower and upper curves a r e  bounds on poss ib l e  performance. 
The lower curve r ep re sen t s  a  b e s t  performance t h e o r e t i c a l  l i m i t  based upon 
information theo ry  cons ide ra t ions  a f t e r  app ropr i a t e  assumptions. The 
upper curve on t h e  o t h e r  hand, i s  t h e  r e s u l t  achieved by simply t r u n c a t i n g  
t h e  number of  b i t s  per  sample i n  t h e  d a t a .  I n  between them, t h e n ,  l i e s  
t h e  performance c h a r a c t e r i s t i c s  f o r  t h e  t h r e e  t ransformat ions  under con- 
s i d e r a t i o n .  The Karhunen-Loeve c l e a r l y  provides t h e  b e s t  performance. 
However, keep i n  mind t h a t  it i s  a  d a t a  dependent t ransformat ion .  The 
Four i e r  and Hadamard t ransforms show t h e  pena l ty  of achiev ing  non-data 
dependency. These a r e  t h e  performance c h a r a c t e r i s t i c s  based upon us ing  a 
r ec t angu la r  reg ion  out of t h e  image of s i z e  8 samples by 8 samples by 2 
s p e c t r a l  bands t o  cons t ruc t  t h e  vec to r  which undergoes t h e  t ransformat ion .  
This  appears  t o  be a nea r  opt imal  choice of combination between s p e c t r a l  
and s p a t i a l  redundancy. 
Figure 1 5  shows t h e  r e s u l t s  of  c a r r y i n g  out  c l a s s i f i c a t i o n  t e s t s  on 
t h e  compressed d a t a .  A t e s t  c l a s s i f i c a t i o n  was c a r r i e d  out  u s ing  va r ious  
numbers of f e a t u r e s .  1n t h e  case  of  t h e  o r i g i n a l  d a t a ,  t h e  opt imal  s p e c t r a l  
bands were f i r s t  determined i n  each case .  On t h e  o the r  hand, i n  t h e  case  
of t h e  p r i n c i p a l  components d a t a ,  components were added i n  order  a s  h ighe r  
dimensional c l a s s i f i c a t i o n s  were d e s i r e d ,  t hus  i n d i c a t i n g  t h e  l ack  of 
n e c e s s i t y  f o r  t h e  c a l c u l a t i o n  of opt imal  s p e c t r a l  bands i n  t h i s  ca se .  , 
Notice t h a t  t h e  p r i n c i p a l  component c l a s s i f i c a t i o n s  were always a t  l e a s t  
a s  h igh  and u s u a l l y  h ighe r  i n  performance compared t o  t h e  same number of 
components of o r i g i n a l  ' da t a .  Notice a l s o  t h a t  t h e  c l a s s i f i c a t i o n  with 
t h r e e  s p e c t r a l  bands was' approximately as  h igh  as  t h a t  achieved wi th  any 
number of bands. 
And f i n a l l y ,  F igure  16 shows t h e  r e s u l t  of ca r ry ing  out a  compression 
by a  f a c t o r  of e i g h t  and then  r e c o n s t r u c t i n g  t h e  image from t h e  d a t a .  This 
i s  compared wi th  t h e  image made from t h e  o r i g i n a l  d a t a .  For t h e  smal l  
amount of d i s t o r t i o n  p r e s e n t ,  keep i n  mind t h a t  with such a  procedure i f  
it had o r i g i n a l l y  been r equ i r ed  t o  have 8 d i g i t a l  t a p e s  t o  s t o r e  t h e  d a t a ,  
u s ing  t h i s  procedure only one would be necessary .  
TEMPORAL INFORMATION AND THE IMAGE OVERLAY PROCESS 
During each of t h e  previous  of  t h e s e  annual meet ings,  we have r epor t ed  
on progress  towards achiev ing  a  s u i t a b l e  c a p a b i l i t y  f o r  t h e  p r e c i s i o n  
over lay ing  of one image from a  given geographic a r ea  onto  t h a t  of another  
from t h e  same a r e a .  These images may be from d i f f e r e n t  p a r t s  of t h e  
spectrum and/or  from d a t a  gathered a t  a  d i f f e r e n t  t ime .  This has proved 
t o  be very cha l l eng ing ,  p r imar i ly  s i n c e  t h e  p rec i s ion  r equ i r ed  i s  b e t t e r  
than  p lus  o r  minus one r e s o l u t i o n  element;  t h u s ,  i n  t h e  over lay  process  
one must cause a l l  l o c a l  d i s t o r t i o n s  of  one image t o  p r e c i s e l y  conform 
t o  those  of  t h e  o t h e r .  
Though t h i s  process ing  s t e p  i s  l i k e l y  t o  be a  r e l a t i v e l y  expensive 
one i n  terms of achiev ing  image over lays  o f  t h i s  p r e c i s i o n ,  t h e r e  a r e  a  
number of  important advantages which w i l l  accrue a s  a  r e s u l t .  For example, 
temporal information could be made a v a i l a b l e  t o  t h e  processor  by having 
images from d i f f e r e n t  t ime pe r iods  r e g i s t e r e d  wi th  r e s p e c t  t o  one another .  
Also,  t h e  need t o  c o r r e l a t e  .ground t r u t h  information with d a t a  from a  new 
mission can be e l imina ted  by over lay ing  t h e  new image d a t a  onto  an image 
f o r  which t h e  c o r r e l a t i o n  has a l r eady  been e s t a b l i s h e d .  And, i n  t h e  case 
of  a i rborne  scanner  d a t a  which o f t e n  conta ins  unexceptably high geometric 
d i s t o r t i o n s ,  t h e s e  d i s t o r t i o n s  can be removed by simply over lay ing  them 
onto an image which i s  of h igh  geometric q u a l i t y .  By over lay ing  t h e  new 
d a t a  onto  e x i s t i n g  maps of  a r e a s ,  procedures could be e s t a b l i s h e d  
whereby t h e  maps could be au tomat ica l ly  updated a f t e r  subsequent a n a l y s i s  
of t h e  d a t a .  
Before desc r ib ing  new procedures developed t h i s  p a s t  yea r  f o r  
improving over lay  q u a l i t y  p o s s i b l e ,  an example r e s u l t  i n  t h e  use of tem- 
p o r a l  information w i l l  be shown. This r e s u l t  i s  given i n  Figure 17. 
Data from Missions 4 3 ~ ,  4 4 ~ ,  4 5 ~  and 46M o f  t h e  Univers i ty  of  Michigan 
a i rborne  scanner system and t h e  1971 Corn Bl ight  Watch Experiment gathered 
over segment 208 were overlayed upon one another .  This f i g u r e  shows t h e  
r e s u l t  of ca r ry ing  out c l a s s i f i c a t i o n s  f o r  corn versus  non-corn f o r  
var ious  subse t s  of f e a t u r e s  i n  t h i s  t o t a l  d a t a  s e t .  
F i r s t  o f  a l l ,  beginning on t h e  l e f t ,  c l a s s i f i c a t i o n s  f o r  each 
i n d i v i d u a l  mission pe r iod  were c a r r i e d  out  u s ing  t h e  b e s t  four  channels 
from each mission per iod  a s  chosen by t h e  divergence processor .  It i s  
seen t h a t  t h e  performance was r e l a t i v e l y  high on Mission 43 bu t  dropped 
cons iderably  by t h e  next  mission and then  began a  slow r i s e .  I n  a d d i t i o n  
t o  i n d i c a t i n g  t h a t  some t imes of  t h e  growing season a r e  b e t t e r  f o r  making 
t h e s e  d i sc r imina t ions  than  o t h e r s ,  p a r t  o f  t h e  d i f f e r e n c e  i n  performance 
i n  t h e s e  four  c l a s s i f i c a t i o n s  i s  due t o  d i f f e r ences  i n  q u a l i t y  of t h e  
d a t a  due t o  such f a c t o r s  a s  weather cond i t i ons ,  e t c .  
The f i f t h  s e t  of b a r  graphs i n d i c a t e s  t h e  r e s u l t  of u s ing  a l l  of t h e  
preceding d a t a  f o r  a c l a s s i f i c a t i o n ;  t h a t  i s ,  a 16-band c l a s s i f i c a t i o n ,  each 
four  of which came from a d i f f e r e n t  mission pe r iod .  Notice t h a t  t h e  
c a p a b i l i t y  f o r  c l a s s i f y i n g  corn and t h e  o v e r a l l  accuracy was indeed 
considerably h igher  i n  t h i s  case .  
One a d d i t i o n a l  quest ion has been posed of t h i s  d a t a  s e t  s o  f a r .  It 
was hypothesized t h a t  not  a l l  16  channels were necessary;  t h a t  i s ,  t h a t  
t h e  d a t a  i s  not  r e a l l y  i n t r i n s i c a l l y  16-dimensional.  The l a s t  c l a s s i f i c a t i o n  
was c a r r i e d  out  u s ing  t h e  b e s t  four  of t h e  16 channels .  The r e s u l t s  show 
an o v e r a l l  performance down from t h e  previous c l a s s i f i c a t i o n  and a l s o  down 
from t h e  r e s u l t s  ob ta ined  f o r  Mission 4 3 ~  a lone .  This would t end  t o  
suggest t h a t  more than  4 of t h e  16 bands a r e  indeed s i g n i f i c a n t  i n  t h i s  
ca se .  Much more needs t o  be determined about temporal information and 
i t s  value . 
With regard  t o  t h e  overlay procedure i t s e l f ,  a new element has  been 
added t o  t h e  technique i n  o rde r  t h a t  a l a r g e r  number of d i f f e r e n t  s i t u a t i o n s  
can be s u c c e s s f u l l y  handled. This work began o r i g i n a l l y  with scanner da t a  
i n  mind. More r e c e n t l y ,  scanned photography and t e l e v i s i o n  imagery have a l s o  
been s u c c e s s f u l l y  overlayed.  
Figure 18  shows t h e  s t e p s  now used i n  t h e  overlay procedure. F i r s t ,  
i n i t i a l  checkpoints  o r  po in t s  of  obvious image congruency a r e  marked 
manually. Based on t h e s e  checkpoints i n  t h e  two images t o  be  over layed ,  
a c u r v e - f i t t i n g  opera t ion  i s  c a r r i e d  out  t o  f i n d  t h e  b e s t  f i t  between t h e  
images from t h i s  i n i t i a l  in format ion .  More s p e c i f i c a l l y ,  s e v e r a l  c o e f f i c i e n t s  
i n  t h e  c u r v e - f i t t i n g  opera t ion  a r e  computed. Next, a f a s t  f o u r i e r  t ransform 
two-dimensional c o r r e l a t i o n  i s  c a r r i e d  out  between t h e  two images over  a 
uniform g r i d  t o  ob ta in  p rec i s ion  checkpoints .  This c o r r e l a t i o n  uses  t h e  
i n i t i a l  over lay  previous ly  determined by t h e  checkpoints i n  order  t o  
minimize t h e  reg ion  which must be searched f o r  a maximum of c o r r e l a t i o n .  
A s  a r e s u l t  of t h i s  c o r r e l a t i o n  ope ra t ion ,  a f i n a l  over lay  func t ion  i s  
computed and t h e  two images a r e  then  merged t o  achieve t h e  f i n a l  over lay  
of t h e  images. 
Figure 19 shows t h e  a c t u a l  over lay  func t ion  which would be r equ i r ed  
f o r  some photographic d a t a  from t h e  Apollo 9 ~065 experiment.  B r i e f l y ,  
frame 3808 from t h e  Lubbock, Texas a r e a  was scanned and d i g i t i z e d  a t  a 
r a t e  o f  approximately 2100 scan l i n e s  by 2100 samples per  scan l i n e .  
Shown he re  i n  t h e  two curves i s  t h e  v a r i a t i o n  i n  r e g i s t r a t i o n  i n  terms 
of columns (samples) .  From t h e  upper curve,  it i s  seen t h a t  f o r  channels 
1 and 2 ,  t h e  green and r e d ,  r e s p e c t i v e l y ,  when t h e  l e f t  edge and r i g h t  
edge of t h e  two images were i n  proper r e g i s t r a t i o n ,  t h e  c e n t e r  of t h e  
frame was out of  r e g i s t r a t i o n  by as  much a s  fou r  samples. On t h e  o t h e r  
hand, from t h e  lower curve comparing channel  1 wi th  channel 3 ,  t h e  green 
with t h e  infYared r e s p e c t i v e l y ,  t h e  m i s r e g i s t r a t i o n  i n  t h i s  case was a l s o  
by a s  much a s  four  samples but  i n  t h e  oppos i te  d i r e c t i o n .  Thus, it would 
be necessary  t o  change t h e  l o c a l  d i s t o r t i o n  of  t h e  r ed  and t h e  i n f r a r e d  
channels s o  t h a t  it more proper ly  corresponds with t h e  green channel p r i o r  
t o  t h e  a c t u a l  image over lay  process .  The e n t i r e  process  i s ,  of course ,  
c a r r i e d  out  d i g i t a l l y .  
ON THE AVAILABILITY OF TECHNOLOGY 
One f i n a l  experiment which i s  now underway w i l l  be descr ibed .  The 
problem i s  as  fol lows:  research  i n t o  techniques f o r  t h e  machine pro- 
ce s s ing  of e a r t h  resources  d a t a  has now been underway f o r  s e v e r a l  years  
and s i g n i f i c a n t  new technology i s  now a v a i l a b l e .  How can t h i s  t ech -  
nology become a v a i l a b l e  t o  t h e  u s e r  community? In cons ider ing  t h i s  
ques t ion ,  it was decided t o  analyze how t h i s  had been accomplished a t  
Purdue between t h e  d a t a  process ing  s p e c i a l i s t s  and use r  s c i e n t i s t s .  
The elements f o r  t h e  a v a i l a b i l i t y  of t h i s  technology a r e  hardware, 
software and t h e  knowledge o r  t r a i n i n g  on how t o  use t h e  system. 
Hardware, a t  l e a s t  i n  t he  form of genera l  purpose computers, i s  r e a d i l y  
a v a i l a b l e ,  bu t  expensive.  The t r a n s f e r  o f  sof tware i s  more o f  a problem. 
The implementation o f  a l a r g e  software system on a new computer i s  a 
r e l a t i v e l y  expensive process  r e q u i r i n g  s p e c i a l  d a t a  process ing  e x p e r t i s e .  
It i s  a l s o  r e l a t i v e l y  expensive t o  maintain t h e  software once it has been 
implemented. 
I n s o f a r  a s  t h e  t h i r d  element,  t r a i n i n g ,  i s  concerned, it was poss ib l e  
a t  LARS t o  give ind iv idua l  a t t e n t i o n  t o  t r a i n i n g  each new s t a f f  member i n  
t h e  use of t h e  system. However, f o r  t h e  t r a n s f e r  of technology t o  a 
l a r g e  body of people ,  t h i s  technique would be t o o  expensive and slow. 
This l e d  t o  t h e  proposal  o f  a s p e c i f i c  experiment i n  t h e  t r a n s f e r  of 
technology. The concept i s  i l l u s t r a t e d  i n  Figure 20.  It became 
apparent  t h a t  t h e  hardware a u se r  s c i e n t i s t  needs t o  have a v a i l a b l e  i s  
a card  reader  and punch, a t ypewr i t e r  and a l i n e  p r i n t e r ,  i n  s h o r t ,  t h e  
1 / 0  devices .  Thus, it i s  poss ib l e  t o  c e n t r a l i z e  not  only t h e  computa- 
t i o n a l  c a p a b i l i t y ,  b u t  a l s o  t h e  d a t a  s to rage  c a p a b i l i t y  r equ i r ed .  Such 
a system would then  have t h e  fol lowing advantages: (1) f u l l  u se r  access  
t o  both t h e  d a t a  and t h e  process ing  c a p a b i l i t y  a t  t h e  u s e r ' s  l o c a t i o n ;  
( 2 )  c e n t r a l i z a t i o n  o f  t h e  expensive po r t ions  of  t h e  hardware a t  consider-  
ab le  cos t  advantages ; ( 3)  c e n t r a l i z a t i o n  of sof tware maintenance, again 
achiev ing  a cos t  advantage p lus  a f l e x i b i l i t y  i n  updat ing;  and ( 4 )  
f a c i l i t a t i o n  of t r a i n i n g  through commonality of d a t a  format ,  terminology 
and s i m p l i c i t y  o f  communication. As a r e s u l t  of t h i s  commonality, 
s tandard  t r a i n i n g  m a t e r i a l s  t a i l o r e d  t o  t h e  s p e c i f i c  system could be 
developed and t h e  amount of  t eache r  t ime per  p u p i l  could be g r e a t l y  
reduced by r e l y i n g  on t r a i n i n g  m a t e r i a l s .  The computer i t s e l f  can be 
used f o r  t r a i n i n g  purposes through computer-aided i n s t r u c t i o n .  
The s t a t u s  of t h i s  experiment i s  a s  fo l lows .  It was au thor ized  by 
~ A S A I ~ e a d q u a r t e r s  two years  ago. On January 1, 1971, an IBM system1360 
Model 67 time share  system was placed on l i n e  i n  a  minimal conf igura t ion  
i n  o rde r  t o  app ropr i a t e ly  prepare t h e  software system. The 1971 Corn 
Bl ight  Watch Experiment n e c e s s i t a t e d  a  delay i n . t h e  experiment s i n c e  
both t h e  equipment and t h e  personnel  involved were requi red  f o r  t h e  
Watch. . However, r e c e n t l y  t h e  f i n a l  hardware was i n s t a l l e d  and i s  now 
ready.  Some t r a i n i n g  ma te r i a l s  a r e  a l ready  ready while o t h e r s  a r e  i n  
p repa ra t ion .  The l o c a t i o n  f o r  t h e  f i r s t  t e rmina ls  a r e  now be ing  s e l e c t e d  
by NAsA/HQ. It i s  expected t h a t  t h e  experiment w i l l  be underway by t h e  
time ERTS i s  launched. 
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Comparison of Sensor Types 
August 26, 1970 Data 
_ Aircraft Scanner _ Color IR Prec ision Scan 
~ 8 8 W Multiband Precision Scan ~ Vidicon Scan of Color IR 
Corn Soybeans A:Jsture 
Class 
Trees Average 
Figure 1.- Results of comparative classifications of 
multispectral data from four sensor types. 
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Stobilizatim Imagery Enhancement 
and Calibmtlon RegisWation and Compression 
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Doman Filter~ng 
Figure 2.- Organization of multispectral data preprocessing 









Scanner Data Calibration Study 
Corn vs Non -Corn 
July 31- Aug 5 , 1971 
10 30-11 45 AM 




_ Block Level Co l (Co) 
~ Co + Coilb rol lon Lamp (C,) 
_ Co + Sun Sensor (Cz) 
206 208 21 5 
SeQmtnl 
AIfIII ' OQI 
Fi gure 3 .- Results of classifications from three different 










Extra polation of Training Samples 
Corn vs. Non -Corn 
July 31 - Aug 12. 1971. 1030-11 45 AM 
Co - C2 Coilbrol'Jn 







Figure 4.- Results of a test of extrapolating training data 
from one flightline to anoth "- · . Segment 20t is more than 
200 miles from segment 230 , however , several factors, in 
addition to distance, are significant in this test . 
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Uncol"rected Corrected Corrected with 
Smoothed Function 
Figure 5. An illustration of the use of preprocessing tech-
niques to improve the appearance of imagery affected by 
variation in reflectance due to view angle and sun angle 







Effect of Sun Angle on 
Aircraft ScCl'lner Data 
9 121AM, Seg. 206, 41M 
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Column " 
West "' NADIR 




Figure 6 .- A graph showing the mean spectral response as a function 
of view angle for data collected with an early morning sun angle . 
In this case, sufficient data has been used to nearly average 
out effects e to individual surface cover materials leaving 







Effect of Sun Angle on 
Aircraft ScCl1ner Data 
12 129 PM Seg 210, 44M 
65~---------------L----------------L-
CoIurm: ~ i 
West "' NADIR 
Cok.rnn MecJl Grnph fa- Chcmel6 
221 
East 
Fi g lr e 7.- A graph similar to Figure 6, but for data 
gathered wi th a nearly local noo~ sun angle. 
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160 
Effect of Sun Angle on 
Aircraft Scanner Data 
3:oe PM. $eg.217. 46M 
50L---------------~--------------~ 
Column II III 221 
'West NADIR East 
Column Mean Gralf! for Channel 6 
Fi gure 8 .- A graph similar to Figure 6, but for data 
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IIIII Sun Angle 
Corrected 
Figure 9. _. Results of two corn vs . non-corn classifications 
carried out on the original data and the sun angle correction 
procedure used in Figure 5. Though the imagery appearance is 
obviously . improved, the results from the quantitative 
classification comparison are mixed . 
Karhunen - Loeve 
(Principal Components) 
Transformation 
YI = 0 Il XI + 01~2 
Y2 = 021 XI +022x2 
YI 
i gure 10 .- A sketch of hypot.heti cal bivariant multispectral data 
illustrating the result of a principal component transformation . 
Xl and X2 were the original coordinate axes; Yl and Y2 are the 















Twelve Elgenvolues of the Spectral COY(Jr IOnce 
Motfla for Fh9hlhne C-I 
7 8 9 10 II 12 
Figure 11 .- The eigenvalues of an actual 12-band multispectral 
data set . An eigenvalue in this case is an indicator of the 
relat. i ve range of the data after principal components 
transformation. Even though there were 12 bands before 







































































































































































































































































































































































First Componen't Second Component 




Images generated after the data has first undergone 
components transform. The first two have higher 








Rate -Distortion Characteristics 
Aircraft Scomer Data 
Log - Log Axes 





8 Somp x 8 Somp x 2 Ct'onnel 
Blocks 
. I ~ ____________ L-____________ ~ ____________ ~ 
.1 10 100 
Percent DlStorlton 
Figure 14 .- Comparative r ate distortion characteristics for the 
three transformations t ested . Distortion is measured as the 
mean square difference between the original image and the 
compressed and reconstructed vers ion . 
100 
Classification Tests 



















2 4 5 6 
Number of Features U.d 
Fi gure 15 .- Comparative r esults between classifications using 
original data and identical ones using principal components 
data. The best subsets of spectral bands were selected using 
a divergence processor. 
Original 8 X Compression 
Figure 16. The results of data compression on image quality. 

























Test Field Classification Accuracy for 
Segment 208 




43M -Aug. 13 
44M -Aug. 19 
45M -Sept 14 
4 6M Sept. 24 
43M 44M 45M 46M All Spectral Best 4 Spectral 
Best 4 Channels as chosen by Oivervence Proce .. or + Temporal 
(16 Chon) 
+ Temporal 
Figure 17.- A group of classification results illustrating the 
relative value of temporal information. The numbers 43M-46M 
are mission numbers flown on the dates s~own. 
, 
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Image Overlay Procedure 
Initial Checkpoint 
Def init ion (Dig. Display) 
Initio I Overlay 
Function Coefficient 
Computation 
Fast Fourier Transform 
Correlation over 







Process Using Final 
Overlay Coefficients 
Figure 18.- The steps used in the current" image overlay system. 
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Apollo 9 Digitized Image Correlation 
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Channel l (Green) VS . Channel 2 (Red) 
1000 
Column 
'i Channel I (Green) vs. Channel 3 (IR) 
! ~ 
2100 










Figure 19. - Curves obtained with the image overlay system . They 
show that even when the particular. frames were properly aligned 
at the left and right edges, they were as much as four samples 
(out of 2100) out of alignment in the middle. Thus , before 
overlaying a translation of the center portion of one image 
with respect to the other must be carried out in each case. 
FigQr.e 20 .- The l ayout of equipment for the Mult iterminal 
Process i n 7 System ·Experiment . The exper iment will t est t he 
feas i bility of c entrali z i~g t~e data bank and computat ional 
facility while provi ng input-output and cont rol of that 
computational fac ility at multiple remote locations. 
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OF THE JET PROPULSION LABORATORY 
Donald P. Burcham 
Space Sc ience  Program O f f i c e  
J e t  P r o p u l s i o n  Labora to ry  
C a l i f o r n i a  I n s t i t u t e  o f  Technology 
INTRODUCTION 
The J e t  P r o p u l s i o n  L a b o r a t o r y ' s  a p p l i c a b l e  e x p e r i e n c e  
i s  t h a t  ga ined  under  NASA s u p p o r t  f o r  t h e  unmanned e x p l o r a t i o n  
of t h e  s o l a r  sys tem,  i n c l u d i n g  remote s e n s i n g  and t h e  p r o c e s s i n g  
and i n t e r p r e t a t i o n  of t h e  r e s u l t i n g  d a t a .  A t  t h e  p r e s e n t  t ime 
t h e  t a s k s  i n  E a r t h  Resources c o n s i s t  of two c o n t i n u i n g  ones  
under t h e  Manned S p a c e c r a f t  C e n t e r ,  one j u s t  awarded, and two 
p r o p o s a l s  o u t s t a n d i n g ,  a s  shown on t h e  accompanying f i g u r e .  
The two c o n t i n u i n g  t a s k s  w i l l  have t h e i r  p r o g r e s s  r e p o r t e d .  by 
John B l i n n ,  and by David M a r t i n ,  a  co-worker of Wal ter  Brown. 
My p r e s e n t a t i o n  w i l l  be v e r y  b r i e f  i n  d e s c r i b i n g  what h a s  been 
proposed on  t h e  o t h e r  t h r e e  t a s k s .  
FIELD REFLECTANCE SPECTROMETER 
The P o r t a b l e  F i e l d  R e f l e c t a n c e  Spec t romete r  i s  a  f a b r i c a t i o n  
t a s k  f o r  a  20 pound p o r t a b l e  i n s t r u m e n t  i n c l u d i n g  r e c o r d i n g  t o  make 
ground measurements i n  s u p p o r t  o f  t h e  Geologic  I n v e s t i g a t i o n  pro- 
p o s a l .  It w i l l  employ a  f i l t e r  wheel t o  measure t e r r a i n  s p e c t r a l  
r e f l e c t i v i t y  i n  t h e  range  0 .3  t o  2.5 micrometers  w i t h  2 %  o r  b e t t e r  
r e s o l u t i o n ,  and w i l l  employ r a t i o  t echn iques  t o  e l i m i n a t e  sky 
b r i g h t n e s s  f l u c t u a t i o n s .  
THF, APPLICATION OF ERTS/EREP IMAGES 
TO GEOLOGIC INVESTIGATIONS 
This  p r o p o s a l  i n c l u d e s  c o i n v e s t i g a t o r s  of Ca l tech  and of USGS 
and i s  t o  e x p l o i t  o r b i t a l  m u l t i s p e c t r a l  photography p l u s  computer 
. 
.- 
image processing to test their applicability.~n ge~logic map- 
ping and in solving some geologic problems such-SF the discovery 
and mapping of geomorphic features of ancient, abandoned drainage 
systems in northwestern and north-central Arizona. 
JPL's Image Processing Laboratory (IPL) is accustomed to 
applying various computer processes to imaging data, such as: 
contrast stretching, rubber sheet stretching, band ratios, 
selective digital Fourier filtering, haze removal, etc. It is 
sufficiently flexible to apply other processes that may be found 
desirable, such as those developed by Purdue University. 
THE APPLICATION OF ERTSIEREP IMAGES - - 
TO A WATER QUALITY MONITORING 
AND INFORMATION SYSTEM 
This proposal includes coinvestigators of the State of 
California Resources Agency, the Scripps Institution of Ocean- 
ography, and Caltech. It proposes an investigation to develop 
and correlate remote sensing from satellites and aircraft into 
an effective prototype system for California statewide water 
quality surveillance. Aircraft overflights, computer enhanced 
recognition of pollution signatures, ground truth measurements, 
and data processing will be employed to develop a simplified and 
automated monitoring system. 
The ERTS A data would be used for nine major drainage 
basins of California having unique water quality influences from 
waste discharges, thermal contributions, oil spills, turbidity, 
sea water intrusion, agricultural drainage, toxicity, bio- 
stimulation, and eutrophication. 
JPL EARTH RESOURCES ACTIVITIES 
CONTI NU1 NG TASKS 
M W STUDIES (160-75-03) 
RADAR RADIOMETER (160-75-03) 
JOHN C. B L l N N  
WALTER E. BROWN 
JUST AWARDED TASK 
PORTABLE FIELD REFLECTANCE SPECTROMETER ALEXANDER GOETZ 
(160-75 -XX) 
OUTSTANDI NG PROPOSALS 
APPLICATION OF I.MAGES FROM ORBIT TO GEOLOGIC INVESTIGATIONS 
(ERTS) ALEXANDER GOETZ 
WATER QUALITY MONITOR1 NG FROM ORB I T  
(ERTS) GUNTHER REDMANN 
Figure 1. 
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MICROWAVE PROPERTIES OF GEOLOGICAL MATERIALS: 
STUDIES OF PENETRATION DEPTH AND MOISTURE EFFECTS 
John C.  Bl inn I11 
J e t  Propuls ion  Laboratory 
Pasadena, C a l i f o r n i a  9ll.03 
Jack  G. Quade 
Un ive r s i t y  of Nevada 
Reno, Nevada 89507 
INTRODUCI! I O N  
Th i s  paper d i scusses  two s e r i e s  of ground based microwave 
radiometer  measurements performed by t h e  J e t  Propuls ion  Laboratory 
i n  cooperat ion with t h e  U n i v e r s i t y  of  Nevada,. The s t u d i e s  were 
conducted a t  t h r e e  wavelengths i n  a  v a r i e t y  of t y p i c a l  sands and 
g r a v e l s .  I n  na ture ,  t h e  aicrowave r a d i a t i o n  from an  ob.iect i s  
a complex f u n c t i o n  of composition, moisture and temperature,  a l l  
as a func t ion  of  depth,  and of su r f ace  cover,  su r f ace  geometry and 
sky b r igh tnes s  temperature.  It i s  d i f f i c u l t .  t o  i n t e r p r e t  t h e  
microwave s i g n a t u r e  from a n a t u r a l  s i t e  without  understanding t h e  
e f f e c t s  con t r ibu ted  by each o f  t h e s e  i n d i v i d u a l  parameters .  Hence, 
t h e  experiments were c o n t r o l l e d  t o  permit examination of t h e  e f f e c t s  
of  a s i n g l e  parameter a t  a time on t h e  microwave r a d i a t i o n .  The 
two parameters s tud ied  were p e n e t r a t i o n  depth and moisture e f f e c t s .  
Added t o  t h e  complexity of  i n t e r p r e t i n g  t h e  microwave r a d i a t i o n  
i s  t h e  problem of measuring it. I f  radiometer  measurements a r e  t o  
be v a l i d  independent of measurement system parameters ,  t hen  they  
must be a b s o l u t e l y  c a l i b r a t e d ;  t h a t  i s ,  e f f e c t s  due t o  antenna 
beam energy d i s t r i b u t i o n s  and systems l o s s e s  must be removed. This  
can be a complex ope ra t ion ;  however, t h e  experiment designed a l s o  
permi t ted  a  s i m p l i f i e d  c a l i b r a t i o n  technique.  I n  summary, our 
experimental  approach was t o  minimize t h e  complexity of  t h e  radiometer  
c a l i b r a t i o n s ,  i s o l a t e  i n d i v i d u a l  t a r g e t  parameters ,  and make maximum 
use of e x i s t i n g  equipment. 
EXPERIivENDES CRIPTION 
The experiments were conducted f o r  t h r e e  weeks during t h e  
summer of 1970 wi th  t h r e e  dua l -polar ized  microwave radiometers  
ope ra t ing  a t  0.95, 2.8 and 2 1  cm wavelengths ( s ee  F igure  1). The 
radiometers  were mounted fou r  meters above t h e  t a r g e t  on an antenna 
p o s i t i o n e r  on t h e  f r o n t  of a t r u c k .  They viewed a  con t ro l l ed  
t a r g e t  a r e a  formed by a 2.4 x 2.4m box wi th  movable s i d e s  f o r  accura te  
v a r i a b l e  depth con t ro l .  The e l e c t r o n i c s  tsere contained i n  t h e  t r u c k .  
The r e a l  t ime d a t a  system u t i l i z e d  a  PDP3 computer which ga there6  
d a t a  from t h e  data/programmer, punched it i n  raw form, per f  orxed 
r e a l  t ime c a l c u l a t i o n s  and output ted  c a l i b r a t e d  da t a .  
The measurements were made i n  t h e  v i c i n i t y  of Pyramid Lake,  50 knnl 
no r theas t  of lieno, Yevada. The l ake  provided a wide v a r i e t y  of n a t u r a l l y  
so r t ed  and man-made sands and g rave l s  and had low l e v e l s  of RFI which 
i s  p a r t i c u l a r l y  important a t  t he  2 1  cm wavelength. 
Two s t ages  of c a l i b r a t i o n  were u t i l i z e d .  A r e l a t i v e  c a l i b r a t i o n  
v a l i d  over t h e  s h o r t  term (5-15 min) was e s t a b l i s h e d  by per ioGica l ly  
viewing two i n t e r n a l  hea ted  sources c o n t r o l l e d  a t  appro;:imately 45 
and 1 0 0 ~ ~ .  Th i s  c a l i b r a t i o n  i s  r e l a t i v e  because t h e  antennas wi th  
t h e i r  s ide lobes  and gene ra l ly  >ride beams r ece ive  energy from sources 
o the r  t han  t h e  t a r g e t  a r e a  as ind ica t ed  i n  Figure 2. Also,  l o s s  
i n  t h e  components up t o  and inc lud ing  t h e  i n t e r n a l  c a l i b r a t i o n  switches 
modify t h e  incoming r a d i a t i o n .  To remove t h e s e  e f f e c t s ,  two p o i n t ,  
l i n e a r  abso lu t e  c a l i b r a t i o n s  were accomplished externally by replacing 
t h e  t a r g e t  a r e a  wi th  two sources of knovrn microwave b r igh tnes s  
temperature.  I n  t h i s  experiment,  an  aluminum shee t  was t h e  "cold" 
source ,  and a  microwave absorber  t h e  "vrarm" source.  Using t h e  i n t e r n a l  
c a l i b r a t i o n s  only,  t h e  temperature pred ic ted  f o r  t h e  p l a t e  i s  gene ra l ly  
warmer than  t h e  c o r r e c t  value,  O'K, as sho>m i n  I'igure 3. 
The r e s u l t  i s  t h e  use of an i n c o r r e c t  c a l i b r a t i o n  which was o f f  
by a s  much as 5C7; f o r  t h e s e  experiments.  By fo rc ing  t h e  d a t a  t o  f i t  
a t  t h e  two known e x t e r n a l  p o i n t s ,  a  c o r r e c t  abso lu t e  c a l i b r a t i o n  f o r  
t h e  t a r g e t  a r e a  was e s t a b l i s h e d .  (Xote: By f o r c i n g  a f i t  t o  O'K, 
sky con t r ibu t ions  a r e  a l s o  removed. The c a l i b r a t i o n  technique i s  
more f u l l y  descr ibed  i n  Reference 3. ). 
I d e a l l y ,  t h i s  i s  a one time c a l i b r a t i o n .  It was gene ra l ly  
accomplished once o r  twice  per  experiment. Use of t h i s  technique,  
:.rhici~ g r e a t l y  s i m p l i f i e d  t h e  c a l i b r a t i o n ,  i s  s u b j e c t  only t o  t h e  
condi t ion  t h a t  t h e  background r a d i a t i o n  be i n v a r i e n t  dur ing  t h e  
per iod  between c a l i b r a t i o n s .  
RFSULTS : PETETRATION DEPTH 
The f i r s t  s e r i e s  of measurements was t o  determine the  e f f e c t i v e  
depth o f  r a d i a t i o n  f o r  a number of sands and g rave l s .  fileasurements 
were made by viewing a meta l  p l a t e  w i th  varying depths of m a t e r i a l  
placed on it i n  a c c u r a t e l y  con t ro l l ed  plane p a r a l l e l  l a y e r s .  A 
t h e o r y  based s t r i c t l y  on i n t e n s i t y  of r a d i a t i o n  p r e d i c t s  t h a t  t h e  
microwave b r igh tnes s  temperature,  TB, w i l l  i nc rease  exponen t i a l l y  
w i th  i n c r e a s i n g  th i ckness .  The p e n e t r a t i o n  depth i s  twice  t h e  t h i c k -  
ness requi red  t o  reach t h e  l / e  e x t i n c t i o n  po in t  (Reference 1 ) .  
Consequently, t h e  experiment was devised t o  use doubling thiclrnesses  
s t a r t i n g  a t  one cm. It was qu ick ly  found t h a t  po in t s  d id  not  behave 
smoothly a s  expected and t h e  th i ckness  increments were reduced t o  
examine more c l o s e l y  what was happening. As a  r e s u l t ,  increments 
a s  low a s  0.8 cm were used over t h e  range 0-32 cm. 
The r e s u l t s  i n  Figure 4 show an o s c i l l a t i n g  behavior ,  p a r t i c u l a r i l y  
no t i ceab le  a t  2 1  cm f o r  t h i s  f i n e  sand. The f r i n g e  amplitude w i l l  
d isappear  wi th  inc reas ing  p a r t i c l e  s i z e .  However, it s t i l l  e x i s t s  a t  
2 1  crn when p a r t i c l e  s i z e  i s  on t h e  order  of $ wavelength as seen i n  
Figure 5 .  
The r e s u l t s  can be modeled t h e o r e t i c a l l y  by so lv ing  f o r  t h e  r e -  
f l e c t i v i t y ,  which i s  r e l a t e d  t o  e m i s s i v i t y  and hence microwave 
b r igh tnes s  temperature.  Standard textbook s o l u t i o n s  of Mamiell 's  
Equations (Reference 2 )  f o r  r e f l e c t i v i t y  f o r  p lane  p a r a l l e l  l ayered  
i s o t r o p i c  media y i e l d  t h e  t h e o r e t i c a l  curve shown i n  F igure  4. 
Although no at tempt  was made t o  optimize a  f i t ,  c o r r e l a t i o n  between 
the  two curves i s  e x c e l l e n t  a s  evidenced by t h e  zero  s lope  a t  t h e  
o r i g i n ,  broader n u l l s  t han  peaks f o r  t h e  smal l  va lues  of l a y e r  
th ic lmess ,  and gene ra l  agreement i n  t h e  values of t h e  maxima and 
minima. 
It i s  noted t h a t  t h e  t h e o r e t i c a l  maxima-minima e::cursions a r e  
g r e a t e r  t h a n  t h e  experimental  r e s u l t s  f o r  l a r g e r  va lues  of t h i ckness .  
Since t h e  21-cm radiometer  measurements a r e  not  a t  a s i n g l e  frequency 
bu t  over a 10$ band of f r equenc ie s ,  t h i s  "smearing" of t h e  h igher -order  
f r i n g e s  would be eAxpected and can e a s i l y  be included i n  t h e  model. 
A two dimensional f i t  of t h e  d a t a  t o  t h e  model i s  be ing  s tud ied  
a s  a p o t e n t i a l  method of determining t h e  microwave p r o p e r t i e s  of  
ma te r i a l s  i n  bull<. Extension of t h i s  work could l e a d  t o  t h e  d e f i n i t i o n  
of a  technique f o r  remotely determining l a y e r  t h i ckness  i n  c e r t a i n  
n a t u r a l l y  layered  systems such a s  s ea  i c e .  The p e n e t r a t i o n  depth 
measurements and r e s u l t s  a r e  more completely descr ibed i n  Reference 
3. 
I3;ESULTS : I . IOISTUZ EFFECTS 
An in2ependent s e r i e s  of measurements designed t o  i s o l a t e  t h e  
e f f e c t  of n o i s t u r e  contenJi i n  a smooth uniform sand were performed 
i n  the  same 2.11- :; 2.1: a conta iner  without  t he  aluminum r e f l e c t o r .  
The measuremcnJis were conducted i n  a  t e n  cm th i ckness  of m a t e r i a l  
by mixing i n  calcul-ated amounts of water ,  smoothing t h e  su r f ace ,  
measuring t h e  b r igh tnes s  temperature a t  both p o l a r i z a t i o n s ,  and 
c o l l e c t i n g  Five sanlples f o r  de t e~ rn in ing  t h e  moisture content  a t  
t h e  feu? corners  and cen te r  of t h e  t a r g e t  a r ea .  The r e s u l t s  f o r  
Ilono, Pyramid, and J-unction Sands a r e  shown i n  Figures  5 and 6. The 
hoTizon ta l  l i n e s  r ep re sen t  t h e  spread i n  va lues  of moisture a s  a per-  
cent  of d r y  weight obtained f o r  t h e  dry  f i v e  samples. The curves 
t y p i c a l l y  show no e f f e c t  u .nt i l  moisture i s  above approximately fou r  
percent .  Er ightness  temperature t hen  decreases  wi th  inc reas ing  
moisture i n  a  somewhat l i n e a r  f a sh ion  a t  r a t e s  ranging from 1.5 t o  &. 8'1~ per  1:i change i n  rnnisJcure content  ( s ee  Table 1 f o r  v a l u e s ) .  
Table 2 l i s t s  t h e  p r o p e r t i e s  of' t h e  m a t e r i a l s  d i scussed  i n  t h i s  r e p o r t .  
Sand 1 1 ::i i:: ::: 
Junc t ion  3 -1  3.9 
Table 1: Rate of Decrease i n  Br ightness  Temperature 
wi th  Inc reas ing  Moisture Content (-OK/~$) 
The s h o r t e r  rfavelengLhs with smal le r  pene t r a t ion  depths are 
more s e n s i t i v e  t o  t h e  su r f ace  v a r i a t i o n s  caused by evaporat ion,  water  
migrat ion,  and roughness. Th i s  i s  e s p e c i a l l y  no t i ceab le  i n  t h e  r a t e s  
and s c a t t e r  f o r  t h e  d a t a  from blono Sand which was very permeable and 
hence dra ined  r ap id ly .  Zecause of t h e  deeper pene t r a t ion  depths a t  
2 1  cm, t h e  wooden bottom of t h e  con ta ine r  had. an  inf luence  on t h a t  
da t a .  This  i s  p a r t i c u l a r i l y  no t i ceab le  a s  a  ''warn" anomaly i n  t h e  
2 1  cm da ta  f o r  moistures  around 1655. 
It was d i f f i c u l t  t o  o b t a i n  a p e r f e c t l y  smooth su r f ace  f o r  t h e  
h igher  va lues  of moisture.  To check t h e  e f f e c t s  of roughness, a  
rake rsas passed over  t h e  su r f ace  p a r a l l e l  t o  t h e  d i r e c t i o n  of h o r i z o n t a l  
p o l a r i z a t i o n .  The spacing between t h e  furrows was appro::imately two 
cm. As shown i n  Figure 7 ,  t h e  e f f e c t s  due t o  moisture e s s e n t i a l l y  
disappear  a t  0.95 and 2 .8  crn where t h e  wavelength i s  on t h e  order  o f ,  
o r  s h o r t e r  t han ,  t h e  furrow spacing.  A t  2 1  cm where t h e  furrow spacing 
i s  on t h e  o rde r  of 0 .1  wavelengths,  t h e  e f f e c t  i s  smal le r  but  s t i l l  
apparent .  V e r t i c a l l y  po la r i zed  d a t a  sho~ i s  s i m i l a r  r e s u l t s .  
This  paper  has summarized t h e  r e s u l t s  of two of a s e r i e s  of con- 
t r o l l e d  experiments performed i n  t h r e e  weeks during t h e  summer of 
1970. The f i r s t  s e r i e s  of experiments t o  determine p e n e t r a t i o n  depth 
shoved t h e  va lue  of having a modeled response and d a t a  reduced i n  
r e a l  t ime f o r  examination i n  t h e  f i e l d .  This  c a p a b i l i t y  permit ted 
a mod i f i ca J~ ion  of t h e  experimental  approach when t h e  d a t a  shoved t h a t  
r e s u l t s  d i d  not conforril w i th  expec ta t ions  and l ead  t o  a  cieteiled 
examination of t h e  i n t e r f e r e n c e  e f f e c t  discussed he re in .  The r e s u l t s  
suggest  a rad iometr ic  method f o r  measuring t h e  microbrave. p r o p e r t i e s  
of ma te r i a l s  i n  bulk  and a r e  app l i cab le  t o  s t u d i e s  of s e a  i c e  and 
o the r  n a t u r a l l y  layered  media. 
The s e n s i t i v i t y  of t h e  microwave emission t o  changes i n  moisture 
content  has  i n s p i r e d  a number of a i r b o r n e  and ground based i n v e s t i g a t i o n s .  
Although t h e  e f f e c t  i s  dorninent under c e r t a i n  condi t ions ,  t h e  compli- 
c a t i n g  f a c t o r s  of s o i l  t ype ,  roughness,  vege ta t ion ,  e t c .  seem t o  
govern t h e  conclusions regard ing  i t s  a p p l i c a t i o n  a t  t h i s  t ime.  Ob- 
v ious ly ,  t h e  na tu re  of  t h e  proposed technique a f f e c t s  t h e  l i k e l i h o o d  
of i t s  success .  For i n s t ance ,  monitoring moisture i n  a smooth m a t e r i a l  
has a good chance f o r  quick a p p l i c a t i o n .  F h i l e  t h i s  may not be 
p r a c t i c a l  i n  na tu re ,  it may be i n  process  c o n t r o l  such a s  monitoring 
t h e  cur ing  of concrete .  
53- 6 
PBKEDING PAGE BLANK NOT F'TbggS, 
Concerning a p p l i c a t i o n s  i n  the n a t u r a l  environment, experiments 
which use repea ted  observa t ions  on an  a r e a  a s  c a l i b r a t i o n s  f o r  f u t u r e  
observa t ions  of t h e  same a r e a  have a g r e a t e r  chance of success  t han  
those  which propose remote determinat ion of s o i l  moisture over an  
unknown a rea .  Considerat ion of roughness e f f e c t s  and p e n e t r a t i o n  
depth i n d i c a t e  t h e  d e s i r a b i l i t y  of using longer  wavelength radiometers  
f o r  s o i l  moisture and c e r t a i n  o the r  a p p l i c a t i o n s .  
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SECTION 54 
POLARIZATION EFFECTS WITH A COMBIlVED 
RADAR - RADIOMETER 
David Martin 
Space Sciences Div is ion  
J e t  Propulsion Laboratory 
Pasadena, C a l i f o r n i a  
The purpose of t h i s  r e p o r t  i s  t o  descr ibe  a unique microwave 
sensor .  The device uses a  coherent  X-band r a d a r ,  a radiometer  a t  
t h e  same wavelength and an  antenna with a p o l a r i z a t i o n  t h a t  can 
be var ied  e l e c t r o n i c a l l y .  This microwave sensor  was developed t o  
acqui re  p o l a r i z a t i o n  s i g n a t u r e  information about var ious  surfaces 
i n  both t h e  a c t i v e  and pass ive  mode s imultaneously.  One app l i ca -  
t i o n  f o r  t h e  sensor  i s  expected t o  be t h e  l o c a t i o n  and i d e n t i f i c a -  
t i o n  of p l a n t  l i f e .  
DESCRIPTION OF THE EQUIPMENT 
I n  Figure 1 t h e  equipment i s  shown mounted on an  a e r i a l  
platform t r u c k  f o r  access  t o  t a r g e t s  i n  t h e i r  n a t u r a l  s t a t e .  
The boom height  i s  1 0  meters.  The antenna parabola i s  1.2 meters 
i n  diameter and can be pos i t ioned  t o  any s e l e c t e d  angle  of i n c i -  
dence. The advantages of t h i s  approach a r e  t h a t  t h e  i n t e r p r e t a t i o n  
of t h e  d a t a  w i l l  be aided by removing u n c e r t a i n t i e s  concerning 
t h e  geometry, su r f ace  condi t ions  and equipment f o r  t h e  a c t i v e  and 
passive measurements. Furthermore, t h e  d e t a i l e d  p o l a r i z a t i o n  
measurements w i l l  provide a p o l a r i z a t i o n  s igna tu re  f o r  improved 
su r f ace  c h a r a c t e r i z a t i o n .  
Figure 2 i s  a s i m p l i f i e d  block diagram of t h e  equipment which 
i s  shared by both the  pass ive  and a c t i v e  measurement func t ions .  The 
cen te r  frequency i s  8505 Megahertz. An i n t e g r a l  p a r t  of t h e  antenna 
i s  t h e  p o l a r i z e r .  The o r i e n t a t i o n  of t h e  e l e c t r i c  f i e l d  vec to r  
can be r o t a t e d  e l e c t r o n i c a l l y  wi th  t h e  p o l a r i z e r .  This  may be 
compared t o  an  o p t i c a l  po lar imeter  i n  which a po la r i zed  p l a t e  i s  
r o t a t e d  t o  analyze t h e  p o l a r i z a t i o n  e f f e c t s  of an o p t i c a l l y  a c t i v e  
sample. The r ada r  t r ansmi t t ed  s i g n a l  has a  s epa ra t e  p o l a r i z e r  i n  
order  t o  c o n t r o l  t h e  p o l a r i z a t i o n  of t h e  i l l umina t ion  as w e l l  a s  
of t h e  rece ived  s i g n a l .  The r e c e i v e r  i s  a superheterodyne, s o l i d  
s t a t e  design,  wi th  a n  I F  bandwidth of 320 MHz and IF  c e n t e r  
frequency of 1215 MHz. The system noise f i g u r e  of 8 dB i s  achieved 
wi th  a low noise  TW mounted on t h e  antenna. The I F  s i g n a l s  a r e  
routed  t o  e i t h e r  t h e  r ada r  o r  radiometer d e t e c t o r s  by a  s p e c i a l  
t r a n s f e r  switch which provides g r e a t e r  t han  90 dB i s o l a t i o n  and 
minimizes t h e  switching t r a n s i e n t s .  The d a t a  condi t ion ing  
func t ion  w i l l  be descr ibed l a t e r .  
The opera tor  can s e l e c t  from 5 modes of t ime shar ing  and 16  
switching r a t e s .  Figure 3 i s  an  example of Mode 1 and t h e  1 KHz 
switching r a t e  sequence of d a t a  a c q u i s i t i o n .  I n  Mode 1 t h e  r ada r  
i s  on f o r  2  u s e c  i n  each radiometer  switching cyc le .  This mode 
i s  app l i cab le  f o r  s tudying nearby ob jec t s  s o  t h e  echo r e t u r n s  
w i t h i n  t h e  2 u, s e c  t ime i n t e r v a l .  I n  Mode 2  t h e  r ada r  i s  on f o r  
500 pulses  t hen  t h e  radiometer  f o r  t h e  equiva len t  t ime.  Mode 4 
i s  r ada r  only and Mode 5 i s  radiometer  only.  The maximum PRF i s  
5000 pu l se s  per  second and t h e  minimum i s  312. The p o l a r i z a t i o n  
scan switching r a t e  i s  e i t h e r  a t  t h e  PRF o r  a f t e r  8000 pulses  by 
operat  o r  s e l e c t  ion .  
The p o l a r i z a t i o n  c o n t r o l ,  Figure 4 ,  i s  achieved by adding 
equa l  amplitude r i g h t  and l e f t  c i r c u l a r l y  po la r i zed  waves i n  t h e  
feed horn ,  r e s u l t i n g  i n  a. r ad i a t ed  l i n e a r  po la r i zed  wave. The 
phase s h i f t  i n  one of t h e  pa ths  can be d i g i t a l l y  s e l e c t e d  by 
a c t u a t i n g  l a t c h i n g  f e r r i t e  phase s h i f t e r s  of 22.5, 45, 90 o r  180 
e l e c t r i c a l  degrees,  t h u s  varying t h e  angular  o r i e n t a t i o n  of t h e  
r e s u l t a n t  l i n e a r l y  polar ized  wave. There a r e  16 p o l a r i z a t i o n  
s t a t e s  which w i l l  r o t a t e  t h e  e l e c t r i c  vec to r  i n  11& degree i n -  
crements f o r  a  t o t a l  of 180'. The c i r c u l a t o r s  s epa ra t e  t h e  t r a n s -  
m i t  and r ece ive  s i g n a l  pa ths .  The r e fe rence  and phase s h i f t e d  
s i g n a l s  a r e  converted t o  r i g h t  ando le f t  c i r c u l a r  po lar ized  waves 
i n  t h e  orthomode t ransducer  and 90 de lay  s e c t i o n .  Figure 5 i s  
a photo of t h e  p o l a r i z a t i o n  network, S e r i a l  No. 1. It i s  about 
20cm wide. The maximum scan r a t e  i s  5000 p o l a r i z a t i o n  changes 
pe r  second. 
The p o l a r i z a t i o n  d a t a  condi t ion ing  func t ion  may be explained 
wi th  t h e  a i d  of Figure 6. The t r a n s f e r  switch connects t h e  I F  
s i g n a l  t o  e i t h e r  t h e  r ada r  o r  t h e  radiometer  channel.  The s i g n a l  
i s  coherent ly  de t ec t ed  and amplif ied.  The ope ra to r  s e l e c t s  t h e  
de lay  of t h e  sample ga t e  t o  correspond t o  t h e  range t o  t h e  t a r g e t .  
A 50 nanosecond sample of t h e  echo i s  he ld  and read  i n  t o  t h e  16 
channel processor .  The 16  FET read i n  switches opera te  synchronously 
wi th  t h e  antenna p o l a r i z a t i o n  switches.  The radiometer  has a  second 
balanced mixer a m p l i f i e r  i n  order  t o  f i l t e r  t h e  r a d a r  cen te r  
. frequency. A d e t e c t o r  recovers  t h e  Dicke switched s i g n a l  which i s  
ampl i f ied  and synchronously de t ec t ed  at  t h e  PRF. This  s i g n a l  i s  
f i l t e r e d  i n  i n d i v i d u a l  channels synchronized wi th  p o l a r i z a t i o n .  
The read out r a t e  i s  8 seconds per  channel  when opera t ing  a t  t h e  
1 KIiz PRF. Each f i l t e r  i s  r e s e t  a f t e r  being read out .  For slow 
p o l a r i z a t i o n s  scan  t h e  read i n  and out  a r e  a t  t h e  same t ime,  f o r  
t h e  f a s t  scan  8000 read i n s  occur f o r  each read out .  F igure  7 
i s  an  example of analog d a t a  record ing  of t h e  r ada r  and radiometer  
ou tputs  wi th  slow and f a s t  p o l a r i z a t i o n  scan. The f i r s t  scan  
i s  a t  t h e  slow r a t e  and t h e  next  2 scans a r e  f a s t .  The p o l a r i z a t i o n  
s t a t e  3 corresponds t o  v e r t i c a l  and s t a t e  11 t o  h o r i z o n t a l  po la r i za -  
t i o n .  Figure 8 i s  an example of a r ada r  echo a s  observed wi th  a 
sampling osc i l loscope .  The 100 nanosec t r a n s m i t t e r  pu lse  i s  
blanked by t h e  r e c e i v e r  p r o t e c t o r  switch. 
The radiometer  was c a l i b r a t e d  wi th  ho t  and co ld  loads .  The 
conf igura t ion  f o r  t h i s  c a l i b r a t i o n  i s  shown i n  Figure 9. The 
v a r i a b l e  a t t e n u a t o r  provides a check on t h e  l i n e a r i t y  by accounting 
f o r  t h e  l o s s  f a c t o r  A a t  t h e  s e l e c t e d  a t t enua t ions .  A f t e r  t h e  
hot  and co ld  load  c a l i b r a t i o n  t h e  waveguide switch i s  switched 
t o  t h e  antenna. The antenna temperature response a s  seen through 
t h e  p o l a r i z e r  i s  given i n  Figure 10.  The p o l a r i z e r  l o s s  i s  1 .2  dB 
and it i s  thermal ly  con t ro l l ed  t o  323'~. With t h i s  c a l i b r a t i o n  
t h e  rad iometr ic  temperature seen by t h e  antenna i s  r e l a t e d  t o  t h e  
vol tage  output  of t h e  radiometer .  The rad iometr ic  temperature 
observed while  looking at a n  a spha l t  su r f ace  a t  a n  incidence 
angle of  70 and scanning t h e  p o l a r i z a t i o n  a t  t h e  slow r a t e  i s  
shown i n  Figure 11. The r ada r  and radiometer  measurements were 
t ime shared a t  t h e  1 KHz switching r a t e  i n  Mode 1. 
The r ada r  i s  c a l i b r a t e d  wi th  r e f l e c t o r s  of  known o r  ca l cu la t ed  
r a d a r  c ross -sec t ion .  A Luneberg l e n s  r e f l e c t o r  of 24.3 dB square 
meter c ros s - sec t ion  produced t h e  amplitude shown i n  Figure 12. The 
darker  curve i s  t h e  cosine func t ion  wi th  a r b i t r a r y  amplitude and 
phase t o  i n d i c a t e  how c lose  t h e  measured p o i n t s  a r e  t o  t h e  cos ine  
func t ion .  A f t e r  removing t h e  r e f l e c t o r  t h e  r ada r  amplitude of 
t h e  background i s  recorded. The r a d a r  d a t a  i s  shown i n  vol tage  
u n i t s  a s  measured. The r ada r  backsca t t e r  vo l tage  f o r  a s p h a l t  
a t  70' incidence angle ,  slow p o l a r i z a t i o n  scan i s  seen i n  Figure 
13. The r a d a r  d a t a  was t aken  at t h e  same t ime as the  radiometer  
d a t a  of F igure  11. One curve i s  f o r  t h e  case  of  t r a n s m i t t i n g  
v e r t i c a l l y  po la r i zed  and t h e  o the r  f o r  t r a n s m i t t i n g  h o r i z o n t a l l y  
polar ized  waves. I f  t h e  amplitude of t he  s i n e  and cosine coherent 
d e t e c t o r s  a r e  squared and added, t h e  r e l a t i v e  echo power as a  
func t ion  of p o l a r i z a t i o n  i s  obtained.  Although t h e  angle of 
p o l a r i z a t i o n  i s  measured, t h e  d i r e c t i o n  of t h e  e l e c t r i c  vec to r  
i s  no t .  For example with h o r i z o n t a l  p o l a r i z a t i o n  t h e  vec tor  may 
be po in t ing  l e f t  o r  r i g h t .  Thus a l l  p o l a r i z a t i o n  s t a t e s  a r e  i n -  
cluded i n  180 degrees of vector angular  r o t a t i o n  and i n  a po la r  
p l o t  t h e  po in t s  a r e  symmetrical about t h e  o r i g i n .  P o l a r i z a t i o n  
s igna tu re s  based on t h e  d a t a  i n  Figure 1 3  a r e  shown i n  Figures  
1 4  and 15. These a r e  p o l a r  p l o t s  of p o l a r i z a t i o n  angle  verses  
y e l a t i v e  echo pover obtained by observing a n  a s p h a l t  su r f ace  
0 
a t  a n  incidence angle  of 70 . The r ada r  and radiometer  measure- 
ments were t ime shared a t  t h e  1 Kliz switching r a t e  i n  Mode 1. 
I n t e r p r e t a t i o n  of t h e  d a t a  from var ious  su r f aces  w i l l  be t h e  
subj  e c t  of another  paper.  
A microwave sensor  wi th  an e l e c t r o n i c a l l y  v a r i a b l e  polar ized  
antenna has been descr ibed .  A coherent X-Band r ada r  and a 
radiometer  share  t h e  same antenna and r e c e i v e r  a t  switching r a t e s  
up t o  5000 per  second. The antenna p o l a r i z a t i o n  can be switched 
a t  t h e  same r a t e  f o r  both t h e  t r ansmi t  and r ece ive  independent 
s i g n a l  pa ths .  The equipment i s  mounted on a n  a e r i a l  platform 
t r u c k  and i s  ready t o  make measurements i n  a r eas  of i n t e r e s t  
f o r  a g r i c u l t u r a l ,  geo log ica l  and hydro log ica l  a p p l i c a t i o n s  of 
remote sensing.  The a d d i t i o n a l  information due t o  t h e  po la r i za -  
t i o n  m o d u 1 a t i o n . i ~  expected t o  a i d  t h e  i d e n t i f i c a t i o n  of su r f ace  
cond i t i ons .  The t ime sha r ing  of t h e  r a d a r  and radiometer w i l l  
ensure t h a t  t h e  geometry, t h e  su r f ace  condi t ions  and equipment 
do not change f o r  t h e  a c t i v e  and pass ive  measurements. The 
sensor  > r i l l  a l s o  provide new information about t h e  r e l a t i o n s h i p  
between su r f ace  r e f l e c t i v i t y  and emis s iv i ty .  
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Figure 1. The radar radiometer is mounted on an aerial platform truck for 
access to areas of interest for remote sensing applications. The Luneberg 
l l:n s and corner refle ctors provide calibration targets for radar calibration. 
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Figure 2. A coherent X-Band pulse radar is time shared with a radiometer. 
The antenna polari z ation can be modulated to identify the target polarization 
signatures for both the radar and the radiometer. 
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SCAN STEP 8 sec- 
Figu re  3 .  The ope ra to r  c a n  s e l ec t  f r o m  5 Modes of t i m e  shar ing and 16 
switching r a t e s .  This  i s  a n  example  of pulse  t o  pulse  t i m e  shar ing  a t  1 KHz.  
Po la r iza t ion  scan  s t ep  can  b e  e i t he r  at the  P R F  o r  a f t e r  8000 pu l ses .  
F igu re  4. The  r e f e r e n c e  and phase  shif ted s ignals  a r e  conver ted to  r ight  and 
left  c i r c u l a r  po la r ized  waves  in  the  o r tho-mode  t r a n s d u c e r  and 90" delay 
section.  The s u m  of the  two waves  i s  a  l inear ly  polar ized wave with the  
angula r  or ienta t ion a function of the  phase  shift.  The 16 s t a t e s  ro ta te  the  
e l e c t r i c  vec to r  180" in  11 114" s teps .  
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Figure 5. The ferrite phase shifters and X-Band waveguide network provi de 
the antenna polarization control. Sixteen linear polarization states can be 
scanned at rates up to 5000 changes per second independently for the 
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RADIOMETER It> CHANNEL PROCESSOR 
Figure 6 . The IF signal from t he receiver is switched to either t he radar o r 
the radiometer detector. There are 16 filt ers synchronized w ith the p olari-
zation scan. Each filter is reset after being read o ut . 
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Figure 7. This is a n exaITlple of the analog voltage for Mode 1 at 1 KHz while 
scanning the polarization s t ates. State 3 is verti cal and state 11 is horizontal 
polarization. In the first scan the pola r ization changes after each state is 
read out and in the next 2 scans it changes before each radar pulse. 
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Figure 8. The 100 nanosec wide transmitted pulse is blanked by the receiver 
protector. The coherent echo i s from a gravel surface at an incidence angl~ 
of 60 0 • 
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TAPPARENT = A2 [A3 \ + (l - A3) T3J + (l - A2) T2 1 
TAPPAR ENT = A2 [AI TA NT + (l - AI ) TIJ + (l - A2) T2 2 
() 
volts = a + b (T R - T) 
Figure 9. A waveguide switch on the antenna is switched to l-:ot or cold loads 
fer the radiometer calibration. The variable attenuator checks the linearity. 
A noise diode provides a calibratio n source in the field. 
v o l t s  
ANTENNA TEMPERATURE, " K 
Figu re  10.  The rad iomete r  output voltage a s  a function of antenna t e m p e r a t u r e  
is obtained by the  cal ibra t ion procedure .  
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Figu re  1 1. This  rad iomet r ic  t e m p e r a t u r e  was  obtained f o r  a n  asphal t  
s u r f a c e  observed  a t  a 7 0 "  inc idence angle  while operat ing in  Mode 1 a t  
1 KHz with slow polar iza t ion scan.  
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Figu re  12. The r a d a r  signal  obtained with a Luneberg l ens  re f l ec to r  i s  
compa red  t o  the  background s ignal  without the re f l ec to r  and to  a cos ine  
function of a r b i t r a r y  ampl i tude and phase.  
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Figu re  13. These  r a d a r  backsca t t e r  ampl i tude cu rves  w e r e  obtained f o r  
a n  aspha l t  su r f ace  observed  a t  a  7 0 "  incidence angle  while operat ing i n  
Mode 1 a t  1 KHz with slow polar iza t ion scan.  The r a d a r  t r an smi t t ed  
polar iza t ion w a s  hor izonta l  f o r  the  open points and  ver t i ca l  f o r  the  
f i l led points. 
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Figure 14. The relative power i s  plotted a s  a function of received 
polarization angle for  an asphalt  surface observed a t  a 7 0 "  incidence 
angle while operating in  Mode 1 a t  1 KHz with slow polarization scan, 
t r ansmi t  horizontal polarization. 
ASPHALT 70" l N C l  DENCE ANGLE 
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Figure 15. The relative power i s  plotted as  a function of received polar-  
' ization angle for an  asphalt  surface observed a t  a 7 0 "  incidence angle 
while operating in  Mode 1 a t . 1  KHz with slow polarization scan, t r ansmi t  
ver t ical  polarization. 
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